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1
NON-INVASIVE MEDICAL MONITORING
DEVICE FOR BLOOD ANALYTE
MEASUREMENTS

FIELD

The present disclosure relates to physiological monitor-
ing. More specifically, this disclosure relates to systems,
methods, and apparatuses for interrogating overlapping or
proximate regions of tissue using a plurality of non-invasive
physiological sensors.

BACKGROUND

Monitoring of blood glucose (blood sugar) concentration
levels has long been critical to the treatment of diabetes in
humans. Current blood glucose monitors involve a chemical
reaction between blood serum and a test strip, requiring an
invasive extraction of blood via a lancet or pinprick. Small
handheld monitors have been developed to enable a patient
to perform this procedure anywhere, at any time. But the
inconvenience of this procedure—specifically the blood
extraction and the use and disposition of test strips—has led
to a low level of compliance. Such low compliance can lead
to serious medical complications. While a non-invasive
method of measuring glucose has long been sought, attempts
to create such a device have universally failed due to the
difficult nature of detecting glucose in the blood.

SUMMARY

A system for measuring physiological parameters from a
tissue site of a patient, the system can include: a plurality of
non-invasive sensors configured to obtain physiological data
associated with a patient; one or more sensor heads can
include: a frame configured to support at least a portion of
each of the plurality of noninvasive sensors; an interlocking
component configured to couple to the frame and mate with
a tissue site attachment component, wherein the tissue site
attachment component can be configured to couple to a
tissue site of the patient, and wherein the tissue site attach-
ment component has an opening configured to allow at least
one of the plurality of noninvasive sensors to obtain physi-
ological data associated with the patient at the tissue site.

The system can include a tissue site clasp configured to
accept the tissue site attachment component to stabilize the
tissue site while at least one of the plurality of noninvasive
sensors obtains physiological data associated with the
patient at the tissue site.

The tissue site attachment component can be configured
to couple to the tissue site of the patient by an adhesive.

The interlocking attachment can include one or more
electrical contacts and wherein the frame can include one or
more spring loaded electrical contacts configured to electri-
cally connect with the one or more electrical contacts of the
interlocking attachment when the interlocking attachment
can be coupled to the frame.

A system for measuring physiological parameters from a
tissue site of a patient, the system can include: a plurality of
non-invasive sensors configured to obtain physiological data
associated with a patient; one or more sensor heads can
include a frame configured to support at least a portion of
each of the plurality of noninvasive sensors; a movement
mechanism configured to couple to the one or more sensor
heads, wherein the movement mechanism can be configured
to allow for a plurality of degrees of freedom of movement
of the one or more sensor heads; a cradle configured to
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accept a hand of a patient, the cradle can include: a palm rest
configured to accept the hand of the patient; a stopping
mechanism configured to stop the palm rest on a track; and
a release mechanism configured to allow the palm rest to
move along the track.

The palm rest can include a heated surface.

A system for measuring physiological parameters from a
tissue site of a patient, the system can include: a plurality of
non-invasive sensors can include: an emitter configured to
emit excitation light; and a detector configured to receive
data associated with a physiological parameter at a tissue
site of a patient; one or more sensor heads can include: a
frame configured to support at least a portion of each of the
plurality of noninvasive sensors; one or more scanning
mechanisms configured to direct a path of light from the
emitter towards a tissue site of a patient; one or more
hardware processors configured to: determine a scanning
pattern can include a pattern of movement of the excitation
light from the emitter towards the tissue site of the patient;
actuate the one or more scanning mechanisms to cause the
excitation light to follow a path on the tissue site of the
patient based on the scanning pattern at a substantially
constant speed; detect a plurality of physiological measure-
ments at a plurality of points on the path based on the
scanning pattern; and average the plurality of physiological
measurements to determine a physiological parameter.

The scanning pattern can include a Lissajous pattern or a
raster pattern.

The one or more scanning mechanisms can include at
least one of a motorized mirror and a rotary wedge lens.

A system for measuring physiological parameters from a
tissue site of a patient, the system can include: a plurality of
non-invasive sensors configured to obtain physiological data
associated with a patient; one or more sensor heads can
include a frame configured to support at least a portion of
each of the plurality of noninvasive sensors; and a timing
processor in communication with the plurality of non-
invasive sensors, the timing processor can include: a timing
generator configured to generate a timing signal; a first
programmable delay line configured to delay the timing
signal according to a first delay; a first signal converters in
communication with the plurality of non-invasive sensors,
wherein the first signal converter can be configured to
receive physiological data from the non-invasive sensors
according to the first delay of the timing signal; a second
programmable delay line configured to delay the timing
signal according to a second delay different from the first
delay; a second signal converter in communication with the
plurality of non-invasive sensors, wherein the second signal
converter can be configured to receive physiological data
from the non-invasive sensors according to the second delay
of the timing signal; and a deserializer configured to gen-
erate one or more data signals from serialized data received
from the first signal converter or the second signal converter.

A system for measuring physiological parameters from a
tissue site of a patient, the system can include: a first
non-invasive sensor can include: a first emitter configured to
emit light towards a tissue site of a patient; a first detector
configured to receive a first signal can include physiological
data associated with the tissue site of the patient; a second
non-invasive sensor configured to: a second emitter config-
ured to emit light towards the tissue site of the patient; a
second detector configured to receive a second signal can
include physiological data associated with the tissue site of
the patient; and one or more sensor heads can include: a
frame configured to support at least a portion of first
non-invasive sensor and the second non-invasive sensor; and
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a lens system configured to: transmit the first signal from the
tissue site of the patient towards the first detector along a
central core of an optical path;

transmit the second signal from the tissue site of the

patient towards the second detector along a different
path than the first signal within the optical path.

A system for detecting an air gap between a surface of a
sensor and a tissue site of a patient, the system can include:
a plurality of non-invasive sensors configured to obtain
physiological data associated with a patient; one or more
sensor heads can include: a frame configured to support at
least a portion of each of the plurality of noninvasive
sensors; and a surface configured to contact a tissue site of
the patient; and one or more hardware processors configured
to: receive an image of the tissue site of the patient from at
least one of the plurality of non-invasive sensors; process the
image using a classifier trained by a neural network to
determine a likelihood score that the surface of the one or
more sensor heads can be in contact with the tissue site of
the patient; and cause at least one of the plurality of
non-invasive sensors to obtain physiological data associated
with the patient based on the likelihood score.

A system for detecting an air gap between a surface of a
sensor and a tissue site of a patient, the system can include:
a Raman spectrometer configured to obtain Raman spectro-
graphic data associated with a first band of wavenumbers
and a second band of wavenumbers at least 500 cm-1 away
from the first band, the Raman spectrometer can include: an
emitter configured to emit light towards a tissue sample of
a patient; a diffraction grating configured to diffract Raman
scattered light from the tissue site of the patient towards a
first detector and a second detector, wherein: the first detec-
tor can be configured to detect Raman scattered light in the
first band; and the second detector can be configured to
detect Raman scattered light in the second band.

For purposes of summarizing the disclosure, certain
aspects, advantages and novel features are discussed herein.
It is to be understood that not necessarily all such aspects,
advantages or features will be embodied in any particular
embodiment of the invention and an artisan would recognize
from the disclosure herein a myriad of combinations of such
aspects, advantages or features.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings and the associated descriptions
are provided to illustrate embodiments of the present dis-
closure and do not limit the scope of the claims.

FIG. 1 illustrates an example patient monitoring system
that includes a plurality of physiological sensors.

FIG. 2 illustrates a block diagram of an example patient
monitoring system.

FIGS. 3A-3C illustrate optical scattering differences in
skin geometries among various age groups.

FIG. 4A illustrates an example 3D OCT image obtained
from a volar side of forearm skin.

FIG. 4B illustrates an example one-dimensional distribu-
tion of light intensity versus depth graph obtained by aver-
aging scans of the image of FIG. 4A.

FIG. 5 shows a graph illustrating various example light
intensity signals acquired at a patient’s wrist.

FIG. 6 illustrates a scaled view of the various example
light intensity signals of FIG. 5

FIG. 7 illustrates an approximation of an intensity of the
fluorescence portion of the light intensity signals of FIG. 6.

FIG. 8 illustrates an approximation of an intensity of the
isolated Raman with tissue absorption signals of FIG. 6.
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FIG. 9 illustrates an approximation of an intensity of the
isolated Raman with tissue absorption signals of FIG. 6.

FIG. 10 illustrates example micro-invasive elements of a
bioimpedance sensor.

FIG. 11 illustrates an example bioimpedance sensor.

FIG. 12A illustrates a flow diagram illustrative of an
example routine for harmonizing data from a plurality of
non-invasive sensors.

FIG. 12B illustrates a flow diagram illustrative of an
example routine for harmonizing data from a plurality of
non-invasive sensors.

FIG. 13 illustrates a block diagram of signal processing
with multiple measurements.

FIG. 14A illustrates an example sensor finger guide for
use with a Raman and OCT sensors.

FIG. 14B illustrates how an example guide may mate with
a sensor head.

FIGS. 14C, 14D, and 14E illustrate example views of an
external enclosure mechanism for mating a finger guide with
a sensor head.

FIG. 14F illustrates an exploded view of the finger guide
and sensor assembly.

FIG. 15A illustrates an example absorbance head probe
that may mate with an absorbance finger guide.

FIG. 15B illustrates an exploded view of the finger guide
and absorbance probe assembly.

FIG. 16A illustrates an example probe head assembly and
cradle.

FIG. 16B illustrates an example exterior view of the
sensor system.

FIG. 16C illustrates an example interior layout of the
sensor system.

FIG. 16D illustrates an example frame of the sensor
system.

FIG. 17A illustrates an example probe head.

FIG. 17B illustrates an example cross sectional view of
the probe head of FIG. 17A.

FIG. 17C illustrates an exploded view of an example
probe head.

FIG. 17D illustrates another exploded view of an example
probe head.

FIGS. 18A and 18B show block diagrams of example
timing processors that may be used in association with the
example sensor system.

FIG. 18C illustrates an example programmable delay that
may be used by the example timing processor of FIG. 18B.

FIG. 19A illustrates an example fiber arrangement in an
example absorbance probe head.

FIGS. 19B-1 and 19B-2 illustrate example fiber shapes in
an example arrangement.

FIG. 19C illustrates an example beam profile associated
with different example fiber shapes.

FIGS. 20A and 20A-1 illustrate an example motorized
mirror mechanism for a noninvasive sensor.

FIGS. 20B and 20B-1 illustrates an example rotary wedge
movement mechanism for a noninvasive sensor.

FIGS. 20C and 20C-1 illustrates an example steering
mechanism for a noninvasive sensor.

FIG. 21A illustrates an example configuration of sensor
lasers that may be transmitted towards an example lens
system in a sensor system.

FIG. 21B illustrates an example beam path of different
sensor lasers that may be transmitted through an example
lens system.

FIG. 21C illustrates an example cone angle of an example
collection path.
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FIG. 22A illustrates an example measurement through an
example window.

FIG. 22B illustrates an example measurement using a
variety of windows that can include CaF2.

FIGS. 23A-23C illustrates an example beam path of a
sensor source that may use an example OCT and Mirror lens.

FIG. 24 illustrates an example heating environment that
may be part of a sensor system.

FIG. 25A illustrates a radiant heating and ambient cooling
model.

FIG. 25B illustrates a Legendre polynomial heating
model.

FIG. 26 illustrates an example representation of a patient
measurement site interacting with a probe head surface.

FIG. 27 illustrates an example measurement with an air
gap.

FIG. 28 illustrates an example air gap detection process.

FIG. 29 illustrates an example procedure for training a
neural network to determine the presence of an air gap.

FIG. 30 illustrates an example neural network architecture
for air gap detection.

FIG. 31 illustrates an example network performance.

FIG. 32 illustrates an example view of the axes of an OCT
sensor head.

FIG. 33 illustrates a block diagram of example OCT
signal processing.

FIGS. 34A and 34B illustrate example OCT measure-
ments after and before transformation, respectively.

FIGS. 35A and 35B illustrate example OCT measure-
ments after transformation without an air gap and with an air
gap, respectively.

FIG. 36 illustrates an example dual band Raman spec-
trometer that may be used as part of a non-invasive sensor
system.

FIGS. 37A-37E illustrate example aspects of an example
fiber sensor.

While the foregoing “Brief Description of the Drawings”
references generally various embodiments of the disclosure,
an artisan will recognize from the disclosure herein that such
embodiments are not mutually exclusive. Rather, the artisan
would recognize a myriad of combinations of some or all of
such embodiments.

DETAILED DESCRIPTION

The present disclosure will now be described with refer-
ence to the accompanying figures, wherein like numerals
refer to like elements throughout. The following description
is merely illustrative in nature and is in no way intended to
limit the disclosure, its application, or uses. It should be
understood that steps within a method may be executed in
different order without altering the principles of the present
disclosure. Furthermore, embodiments disclosed herein can
include several novel features, no single one of which is
solely responsible for its desirable attributes or which is
essential to practicing the systems, devices, and methods
disclosed herein.

A. INTRODUCTION

Many non-invasive techniques for determining blood
glucose have significant shortcomings, such as low accuracy
(for example, less accuracy than invasive home monitors)
and insufficient specificity of glucose concentration mea-
surement. Accordingly, there is a need for an improved
method to non-invasively monitor glucose. Systems and
methods disclosed herein address various challenges related
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to non-invasively determining a patient’s blood glucose
level by harmonizing data from multiple non-invasive sen-
sors. Each of the non-invasive sensors can interrogate the
same or a similar tissue site of a patient, and variables
identified using one or more sensors can be utilized to
improve data from one or more other sensors. Using these
data harmonization techniques, a glucose concentration
measurement can be obtained.

In many instances, a single non-invasive sensor may lack
the functionality to measure each of the parameters required
for an accurate determination of an analyte concentration. As
a result, many physiological monitoring techniques include
estimations, such as those based on common assumptions, to
compensate for the lack of known data. However, due to the
sensitivity of analyte measurements, these estimations can
result in inaccurate or unreliable determinations.

For example, Beer’s Law (also known as the Beer-
Lambert Law) relates the attenuation of light to properties of
a material. In particular, Beer’s law states that absorbance of
a material is proportional to the concentrations of the
attenuating species in the material sample. The relationship
between these parameters is expressed in Equation 1 below:

A=e*b*c (Equation 1)

where A is the absorbance of the material at a given
wavelength of light, ¢ is the molar absorptivity or extinction
coefficient (L mol™* ¢cm™), unique to each molecule and
varying with wavelength, b is the length of the light path
through the material (cm), and ¢ is the concentration of an
analyte of interest (mol L™").

In many cases, the length of the light path through the
material (sometimes referred to as the path length) is esti-
mated. For example, a generic finger may be associated with
a first estimated path length value, while a generic nose may
be associated with a second path length value. However,
every person has a unique tissue geometry, which can
include, but is not limited to, unique skin structure or skin
thickness. Furthermore, because tissue is not uniform
throughout a person’s body, even tissue sites that are close
in proximity, such as two different measurements sites on a
patient’s finger, can have a different tissue geometry. As
noted above, a specific tissue geometry of a particular tissue
site can affect the path length value. Accordingly, a non-
invasive physiological sensor can be configured to obtain
skin geometry data, which can be utilized to calculate a path
length associated with a tissue site. In addition or alterna-
tively, the skin geometry data can be utilized to calibrate one
or more sensors (for example, select a focal depth of Raman
spectrometer), which can result in more accurate analytes
measurements, such as blood glucose concentration mea-
surements.

An optical coherence tomography, or OCT, sensor can be
utilized to obtain tissue geometry information. OCT is an
optical imaging technique using light waves that produce
high-resolution imagery of biological tissue. OCT creates its
images by interferometrically scanning in depth a linear
succession of spots, and measuring backscattered light at
different depths in each successive spot. The OCT data can
be processed to present an image of the linear cross section.
OCT data can be processed to determine tissue geometry
information, such as skin geometry. For example, the OCT
data can provide data regarding a thickness of one or more
skin layers, such as the epidermis, the dermoepidermal
junction, or the dermis.

In addition or alternatively, OCT data can be utilized to
determine whether successive OCT measurements have
occurred in the same or a different location. For example,
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one reason data harmonization between sensors is available
relates to the specific optical profile of a particular tissue
site. That is, a particular tissue site retains its specific optical
profile, and a different measurement location may have a
different optical profile. Thus, in many cases, to maintain
data harmonization capabilities, each of the sensors should
interrogate the same or a substantially proximate tissue site.
One problem associated with interrogating the same or a
substantially proximate tissue site relates to the subsequent
placement of a sensor after it has been removed from the
patient. To solve these and other problems, tissue geometry
information associated with OCT data can be utilized to
determine whether a later one of successive OCT measure-
ments is taken at the same tissue site as a previous one of the
successive OCT measurements.

A bio-impedance or tissue dielectric constant sensor can
be utilized to obtain tissue geometry information. For
example, bio-impedance or tissue dielectric constant data
can provide information relating to one or more skin layers,
a hydration of one or more skin layers, or a cellular structure
of the tissue.

Raman spectroscopy has exhibited promise with respect
to blood glucose detection, for example, due to its capability
to gain information about the molecular constitution non-
invasively. For example, features such as peaks of the
Raman spectra are considered the Raman “fingerprints” of
analytes such as glucose. Accordingly, using an isolated or
semi-isolated Raman signal, the system can identify physi-
ological data, such as information regarding a patient’s
blood glucose level.

For various reasons, it has been challenging to isolate a
pure Raman signal from a signal obtained from a Raman
spectrometer. For example, emission of fluorescence in
tissue often overwhelms any signal collected from the
Raman spectrometer, thereby hiding Raman features. In
addition, attenuation of the signal due to absorption can
further affect prediction of analytes using the collected
signal. Furthermore, varying tissue geometries at tissue sites
increases a difficulty in selecting a focal depth of the Raman
spectrometer that will optimize a resolution of the Raman
signal.

Systems and methods disclosed herein address one or
more of these or other challenges by utilizing data associated
with one or more sensors to calibrate or improve an accuracy
of one or more other sensors. For example, a value for path
length can be obtained from skin geometry data, which can
improve a pulse oximetry sensor such as a near infrared
(NIR), reflectance, or transmittance sensor. As another
example, the present disclosure addresses various challenges
related to leveraging the Raman scattering signatures for
prediction of glucose by harmonizing data from a plurality
of non-invasive physiological sensors. For instance, a focal
depth of the Raman spectrometer can be selected based on
tissue geometry data, which can improve the Raman spec-
trometer, and possibly increase an accuracy of a blood
glucose measurement. Similarly, using data from one or
more sensor, the Raman signal can be isolated by reducing
or removing an effect of Fluorescence on a collected signal,
or removing an effect of attenuation of the signal due to
absorption.

1. System Overview

FIG. 1 illustrates an example patient monitoring system
100 that includes a patient monitor 102, a first sensor 104 A,
and a second sensor 104B. In addition, the patient monitor-
ing system 100 can include one or more other sensors 104N.
Sensors 104A, 104B, and 104N can interrogate tissue sites
106A, 106B, and 106N, respectively, of a patient. In some
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cases, tissue sites 106 A, 106B, and 106N can be the same or
substantially proximate tissue sites, while in other cases one
or more of the tissue sites 106A, 1068, or 106N can be
different. Sensor data from the sensors 104A, 1048, or 104N
can be utilized to determine one or more physiological
parameters or patient vitals. For example, the patient moni-
tor 102 can receive a signal from the one or more of the
sensors 104A, 104B, or 104N and can determine, based on
the received signal(s), one or more physiological parameters
or one or more measurements that can be used to determine
a physiological parameter.

The sensors 104A, 104B, and 104N can each be the same
type of sensors, or one or more of the sensors 104A, 104B,
and 104N can be different from each other. For example, the
sensors 104A, 1048, and 104N can include, but are not
limited to, any combination of an optical coherence tomog-
raphy (OCT) device, a spectrometer (for example, a Raman
spectrometer), a plethysmograph sensor such as a pulse
oximetry device (for example, a near infrared (NIR), reflec-
tance and/or transmittance device), a pressure sensor, an
electrocardiogram sensor, a bioimpedance sensor, or acous-
tic sensor, among other sensors.

Two or more of the sensors 104A, 104B, or 104N can be
configured to interrogate the same tissue site. For example,
two or more of the senor sensors 104A, 104B, or 104N can
be positioned proximate each other such that they can
interrogate the same tissue, such as a finger, a thumb, a
thenar space, a hand, a wrist, a forearm, a nose, a limb, a
head, an ear, a neck, an upper body, or a lower body. In
addition or alternatively, two or more of the sensors 104A,
104B, or 104N can be configured to interrogate different
tissue sites.

In some cases, one or more of the sensors 104 A, 104B, or
104N can be integrated into an apparatus, such as an
apparatus that is wearable by a user. For example, one or
more of the sensors 104A, 104B, or 104N can be integrated
into a glove that when worn by a user allows the sensor(s)
to interrogate one or more tissue sites. Similarly, one or more
of the sensors 104A, 104B, or 104N can be incorporated in
or attached to various other apparatuses, including, but not
limited to, a sock, a shirt, a sleeve, a cuff, a bracelet, a glove,
or the like.

In some cases, data from a single sensor 104A, 104B, or
104N does not provide enough reliable information to
determine certain physiological parameters. For example, a
number of factors can affect an accuracy of sensor data
including, but not limited to, patient movement, sensor
placement, interference, and type of sensor being used, the
expansion and contraction of the patient’s vascular system,
assumptions made during calculations, skin temperature,
pressure, or the like. In addition or alternatively, the deter-
mination of some physiological parameters (for example,
glucose concentration) may require more information than a
single sensor can provide.

To solve this and other problems, the patient monitor 102
(or one or more of the sensors) can harmonize or compare
data from two or more sensors, which can allow for a
determination of more accurate or reliable data, or can allow
for a determination of one or more additional physiological
parameters, such as blood glucose concentration.

As one example, the patient monitor 102 receives a first
signal from a first sensor 104A, the first signal correspond-
ing to an interrogation of the first tissue site 106A by the first
sensor 104A. Further, the patient monitor 102 receives a
second signal from a second sensor 104B, the second signal
corresponding to an interrogation of the second tissue site
106B by the second sensor 104B. Based on the first signal,
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the patient monitor 102 can make adjustments to modity the
second sensor or the second measurement to improve the
accuracy or reliability of the second sensor or the second
measurement. For instance, adjustments can include, but are
not limited to, adjusting an intensity, power, position, or
timing of the second sensor 1045 or adjusting values cor-
responding to the measurement of the second physiological
parameter. For example, the patient monitor 102 can modify
the second measurement or calculations for a physiological
parameter (for example, introduce an offset, adjust assumed
or estimated values, filter a signal, etc.) to account for
information from the first sensor. In addition or alternatively,
the patient monitor can adjust a confidence value associated
with the first, second, or another measurement.

As described above, based at least in part on the first and
second signals, the patient monitor 102 can determine a
physiological parameter. The physiological parameter can
be a value which may not be independently determinable
from data from either of the first sensor or the second sensor
alone. For example, data from the first sensor can be utilized
to determine a path length, data from the second sensor can
be utilized to determine an absorbance, and the physiologi-
cal parameter can include a concentration of an analyte, such
as glucose. As another example, data from the first sensor
can be utilized to determine a path length or absorbance, the
second sensor can correspond to a Raman spectrometer, and
the physiological parameter can include a concentration of
an analyte, such as glucose.

The patient monitor 102 can include a digital signal
processor (DSP) that receives the signals generated by the
one or more sensors 104A, 104B, or 104N (for example,
through a front-end unit) and determines parameters, for
example, those indicative of the physiological condition of
the patient, using the received signals. The patient monitor
102 can, for example, determine physiological parameters
corresponding to the patient, such as an amount of light
absorbed, transmitted through, or reflected at a tissue site,
path length (for example, distance that light travels through
the material), concentration of an analyte, bioimpedance,
tissue dielectric constant, pulse rate (PR), pulse pressure
variation (PPV), pleth variability index (PVT'), stroke vol-
ume (SV), stroke volume variation (SVV), peripheral cap-
illary oxygen saturation (SpQO,), mean arterial pressure
(MAP), central venous pressure (CVP), pulse pressure (PP),
perfusion index (PI), total hemoglobin (SPHB®), carboxy-
hemoglobin)(SPCO®), methemoglobin)(SPMET®), oxy-
gen content)(SPOC®), or acoustic respiration rate (RRA®),
among other parameters. In some aspects, the patient moni-
tor 102 can derive or use one or more relationships (for
instance, a set of linear equations) from two or more of the
determined parameters. The patient monitor 102 can utilize
the one or more relationships to determine the patient’s
glucose levels, systemic vascular resistance (SVR), CO, or
arterial blood pressure (BP), among other parameters.

The patient monitor 102 can further compare or analyze
one or more of the determined parameters (for instance, at
least two of the determined parameters or one determined
parameter and a previous or model parameter) to adjust how
a parameter is measured or calculated to make the measured
parameter more accurate or reliable, to adjust a sensor to
make the measured parameter more accurate or reliable, to
calculate, derive or determine an accuracy or a confidence
value of a measured parameter, to isolate a parameter, or to
determine another parameter based on the one or more
parameters. The sensors, in addition to or alternatively than
the patient monitor, can coordinate with each other to
coordinate data or adjust calculations to enhance an accu-
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racy or reliability of measurements. In addition or alterna-
tively, the patient monitor 102 can use the data to increase
an accuracy of one or more calculations, calculate a previ-
ously unknown or estimated physiological parameter, cali-
brate data, or compensate for various circumstances that
might otherwise result in inaccurate or unreliable data.

2. Additional Implementations

The patient monitor 102 can be connected to one or more
(for instance, three, four, five, or six) sensors, such as the
sensors 104A, 104B, or 104N, that are detecting from a
patient and use the signals received from the sensors to
determine one or more physiological parameters including,
but not limited to, glucose, SpO,, PPR, PVI® (for instance,
via a palm, thumb or finger plethysmography sensor), SV,
MAP, CVP, PP, or PI (for instance, via a palm, thumb or
finger plethysmography sensor), among other parameters
such as those described herein.

Moreover, the patient monitor 102 can utilize any of the
techniques described herein to determine whether any mea-
surement described herein (using any of the sensors
described herein) is valid. The patient monitor 102 can be
configured to show (for example, on a display) information
about a valid or invalid measurement, activate an indicator
light (such as an LED), trigger an alarm, adjust one or more
sensors or parameters (for instance, based on a received
sensor signal), or display any data.

The patient monitor 102 can wirelessly or using wires
receive, via an input of the patient monitor 102, a signal
from one of the sensors 104A, 104B, or 104N. The received
signal may take various forms, such as a voltage, a current,
or charge. An operational amplifier (op-amp) of the patient
monitor 102 can increase the amplitude, as well as transform
the signal, such as from a current to a voltage. An anti-
aliasing filter (AAF) of the patient monitor 102 can then
process of the output signal from the op-amp to restrict a
bandwidth of the output signal from the op-amp to approxi-
mately or completely satisfy the sampling theorem over a
band of interest. An analog-to-digital convertor (ADC) of
the patient monitor 102 can convert the output signal from
the AAF from analog to digital. The output signal from the
ADC can then be sampled by a first processor of the patient
monitor 102 at a relatively high speed. The result of the
sampling can next be down-sampled by a second processor
of the patient monitor 102, which may be the same or
different from the first processor, before waveform analysis
may be performed by a DSP.

FIG. 2 illustrates a block diagram of an example patient
monitoring system 200, which can be an embodiment of the
patient monitoring system 100. The patient monitoring sys-
tem 200 can include a patient monitor 202, a first non-
invasive physiological sensor 204A, a second non-invasive
physiological sensor 204B, or a third non-invasive physi-
ological sensor 204C. Furthermore, it should be noted that
fewer, additional, or different sensors may be included in
patient monitoring system 200.

The sensors 204 A, 204B, or 204C can respectively detect
from tissue sites 206A, 2068, and 206C of a patient. Each
of the sensor can measure from the same or a similar tissue
site. For example, sensor 204 A can take a measurement and
sensor 204B can take a subsequent measurement on the
same tissue or at the same location. This may allow the
system to more easily harmonize the data from the sensors
or use data from one sensor to improve data or calculation
based on another sensor. The tissue sites 206A, 206B, and
206C can be different. As a non-limiting example, tissue site
206A can include a thenar space of a patient’s hand, and
tissue sites 206B, 206C include a thumb of the patient, such
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as a base of the thumb. It should be noted, however, that
fewer, more or different sensors can be include in system
200.

The DSP 212A can communicate via drivers 216 A with
the plethysmography sensor 204A and receive via a front-
end 214A one or more light intensity signals indicative of
one or more physiological parameters of the patient or one
or more measurements that can be used to determine one or
more physiological parameters. For example, a signal can be
indicative of an intensity of light reflected, refracted, scat-
tered, absorbed, or transmitted at a tissue site. The drivers
216A can convert digital control signals into analog drive
signals capable of driving emitters 209A to illuminate the
tissue site 206A. For example, the light emitted by emitters
209A can have an infrared (IR), near infrared (NIR), red,
ultra-violet (UV), visible, or other wavelength. The
detector(s) 208A can, in turn, generate one or more com-
posite analog light intensity signals responsive to light
detected by the detector(s) 208 A after attenuation, reflection,
refraction, scattering, absorption, etc. at the tissue site 206 A.
The emitter(s) 209A or detector(s) 208A include a fiber-
optic component for illumination and collection, respec-
tively. For example, the emitter(s) 209A can be positioned
on a tissue site 206 A (for example, on top, on the bottom, on
the side, etc.) and the detector(s) 208A can be positioned on
an opposite portion of the tissue site 206A.

The front-end 214A can convert the one or more com-
posite analog light intensity signals from the detector(s)
208A into digital data and input the digital data into the DSP
212A. The digital data from the front-end 214 A can corre-
spond to at least one of a plurality of physiological param-
eters as described herein. For example, the digital data from
the front-end 214A can be representative of a change in the
absorption of particular wavelengths of light as a function of
the changes in the tissue site 206A resulting from pulsing
blood.

The DSP 212A can include one or more data or signal
processors configured to execute one or more programs for
determining physiological parameters from input data. The
DSP 212A can perform operations that include calculating or
outputting one or more physiological measures, such as
absorbance, path length, PVI® and other parameters
described herein. The operations performed by the DSP
212A can be implemented in software, firmware or other
form of code or instructions, or logic or other hardware, or
a combination of the above.

The DSP 212B can receive via a front-end 214B one or
more light intensity signals indicative of one or more
physiological parameters of the patient. The drivers 216B
can convert digital control signals into analog drive signals
capable of driving emitters/detectors 209B/208B to illumi-
nate the tissue site 206B. For example, the light emitted by
emitters/detectors 209B/208B can be infrared (IR), near
infrared (NIR), red, ultra-violet (UV), visible, or other
wavelength, the like, or a combination thereof in discrete or
continuous wavelengths. The emitters/detectors 209B/208B
can, in turn, generate one or more composite analog light
intensity signals responsive to light detected by the emitters/
detectors 209B/208B light is reflected, refracted, scattered,
absorbed, or attenuated at a tissue site 206B. The emitters/
detectors 209B/208B include a fiber-optic bundle that has
illumination and detection fibers. In addition, for example,
as described with respect to FIG. 1, the emitters/detectors
209B/208B can be separate.

The front-end 214B can convert the one or more com-
posite analog light intensity signals from the emitters/detec-
tors 209B/208B into digital data and input the digital data
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into the DSP 212B. The digital data from the front-end 214B
can correspond to at least one of a plurality of physiological
parameters, as described herein. The digital data from the
front-end 214B can be representative of a change in the
absorption/reflection of particular wavelengths of light as a
function of the changes in the tissue site 206B resulting from
pulsing blood.

The DSP 212B can include one or more data or signal
processors configured to execute one or more programs for
determining physiological parameters from input data. The
operations performed by the DSP 212B can be implemented
in software, firmware or other form of code or instructions,
or logic or other hardware, or a combination of the above.

Sensor 204C includes a detector 208C, a light source
209C, a beam splitter 240, and a reflector 260. The light
source 209C can emit light having an approximately equal
wavelength, a spectrum of wavelengths, or a few different
wavelengths, for example, two. For example, the wave-
lengths can be selected based on the absorption spectrum.

As illustrated, light beams from the light source 209C are
split using the beam splitter 240 into reference arm light
beams 230 and sample arm light beams 250. After the light
beams 234 are split, the reference arm light beams 230 travel
down the reference arm to interact with the reflector 260,
and the sample arm light beams 250 travel down the sample
arm to interact with the tissue 206C, for example, from the
base of a patient’s thumb.

The tissue site 206C can absorb, reflect, scatter, or refract
the sample arm light beams 250. Some of the sample arm
light beams 250 are reflected back to the beam splitter 240.
The beam splitter 240 can direct at least some of the
reflected sample arm light beams 250 to the detector 208C.

The light beams traveling down the reference arm interact
with a reflector 260 and are reflected back to the beam
splitter 240 Similar to the reflected sample arm light beams
250, the reflected reference arm light beams 230 are also
directed to the detector 208C by the beam splitter 240.
Reflected signals from the sample arm and reference arm
and are presented to photodetector 208C for measurement.

The tissue volume with which the light interacts (referred
to as the interaction volume) can be determined by the spot
size of the imaging optics (surface area) and the coherence
length of the light (depth). Thus, the reference arm can
determine the depth within the interaction volume from
which scattered light is measured. The patient monitor 200
uses the detected signals obtained from the interference of
the reflected sample arm light beams 250 and the reflected
reference arm light beams 230 to calculate tissue geometry
data, such as a skin geometry of one or more skin layers.

Although not illustrated in FIG. 2, imaging optics can also
be used to focus the sample arm light beams 250 prior to
interacting with the tissue site 206C. Furthermore, the end of
the sample arm and imaging optics can be placed in close
proximity to the tissue site 206C. The reference arm and
reflector 260 are configured such that appropriate wave-
length and polarization selected such that the appropriate
depth of the tissue is measured.

The DSP 212C can receive via a front-end 214C one or
more signals indicative of one or more physiological param-
eters of the patient, such as path length. The drivers 216C
can convert digital control signals into analog drive signals
capable of driving emitters 209C to illuminate the tissue site
206C. The detectors 208C can, in turn, generate one or more
composite analog signals responsive to light detected by the
detectors 208C.

The front-end 214C can convert the one or more com-
posite analog signals from the detectors 208C into digital
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data and input the digital data into the DSP 212C. The digital
data from the front-end 216C can correspond to at least one
of a plurality of physiological parameters, as described
herein. The DSP 212C can include one or more data or signal
processors configured to execute one or more programs for
determining physiological parameters from input data. The
operations performed by the DSP 212C can be implemented
in software, firmware or other form of code or instructions,
or logic or other hardware, or a combination of the above.

One or more of the components relating to signal acqui-
sition or processing (for example, front end 214A, 214B,
214C, drivers 216A, 216B, 216C, DSP 212A, 212B, 212C,
etc.) can be incorporated into one or more connecting cables,
the sensors themselves, or are otherwise closer to the sensor
sites. As such, the patient monitor 202 can include primarily
the input or output devices 220 and the instrument manager
210, (if appropriate). In addition, some of the components
are illustrated as separate units but can be combined. For
instance, front end 214A, 214B, 214C can be combined into
one or more front ends, drivers 216A, 2168, 216C, can be
combined into one or more drives, DSP 212A, 212B, 212C
can be combined into one or more DSPs, etc. By reducing
the number of components included in the patient monitor
102, 202, the monitor can be smaller in size or more
portable, which can be more convenient for home or “spot
check” use.

The instrument manager 210 can communicate with one
or more non-invasive psychological sensors, such as 204A,
204B, or 204N. The instrument manager 210 can commu-
nicate with one or more input or output devices 220. The one
or more input or output devices 220 can include a user
interface 222, controls 224, a transceiver 226, and a memory
device 228.

The user interface 222 can include a numerical or graphi-
cal display that provides readouts of measures or parameters,
trends and bar graphs of measures or parameters, visual
indications of measures or parameters, visual indicators like
LEDs of various colors that signify measurement magni-
tude, or device management interfaces, which can be gen-
erated by LEDs, LCDs, or CRTs, for example. The user
interface 222 can include an audible output device that
provides readouts or audible indications of measures or
parameters. The user interface 222 can include one or more
input devices like a keypad, touch screen, pointing device,
voice recognition device, and computer that can be used to
supply control or configuration data, such as initialization
settings, from the user interface 222 to the instrument
manager 210. In some implementations, the user interface
222 can be an interface for devices as well as users.

The controls 224 can be outputs to medical equipment,
such as drug administration devices, ventilators, or fluid [Vs,
s0 as to control the amount of administered drugs, ventilator
settings, or the amount of infused fluids. Additionally or
alternatively, the controls 224 can include an interface
between, for example, the user interface 222 and the Instru-
ment Manager 210. The patient monitor 202 can use the
controls 224 to automatically treat the patient (for instance,
provide fluid to the patient, provide medication to the
patient, turn on a fan to cool the patient, or adjust a
temperature of a room to heat or cool the patient) in response
to determining that the patient may benefit from treatment.

The transceiver 226 via an antenna or wires can transmit
information about operation of the patient monitor 202 to an
electronic device or receive control or configuration data for
operating the patient monitor 202. The transceiver can, for
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example, communicate via a computer network or interme-
diary device or directly with the electronic device using
electromagnetic radiation.

The memory device 228 can be used to store information
about operation of the patient monitor 202 and other relevant
information to the operation of Patient Monitor 202 (such as
calibration etc). This information can, for example, include
readouts of measures or parameters, trends and bar graphs of
measures or parameters, visual indications or indicators.

Although not illustrated in FIG. 1 or 2 patient monitors
102, 202, or cables connecting the patient monitors to the
sensors can further include one or more outputs that supply
the signal(s) from one or more of the sensors to one or more
other electronic devices for further processing. As one
example, the signal(s) from one or more of the sensors can
be output in parallel by one or more of the sensors or the
cables that couple the one or more sensors to the patient
monitor 102, 202. In another example, the patient monitors
102, 202 can include one or more outputs for outputting
copy(ies) of the signal(s) from one or more of the sensors.
The copy(ies) of the signal(s) can also be adjusted relative
to the original(s) with filtering, scaling, or other changing
operation prior to being provided to the one or more other
electric devices.

3. Tissue Geometry

Tissue geometry can vary greatly between individuals.
For example, skin structure or skin thickness can vary across
races, ages, or the like. Even individuals having similar
demographics can have different skin geometries. FIGS.
3A-3C illustrate optical scattering differences in skin geom-
etries among various age groups. FIG. 3A corresponds to
20-39 year olds, FIG. 3B corresponds to 40-59 year-olds,
and FIG. 3C corresponds to 60-79 year-olds. In these
examples, the x-axis corresponds to a compaction of the skin
and is measured from 0 to 200 units, where one unit is 3 pm,
and the y-axis corresponds to brightness (for example,
backscattered intensity) of the skin and is measured from O
to 800 AU (absorbance units). As evidenced by these graphs
300A, 300B, 300C, the general skin structure or thickness is
not constant throughout the population.

Tissue geometry can also vary greatly between tissue sites
of a particular individual. For example, each of a finger, a
thumb, a thenar space of a hand, a wrist, a forearm, a nose,
an ear, a neck, or other tissue site can have a different skin
geometry. Even tissue sites that are in close proximity, such
an upper part of a finger and a lower part of a finger, can have
a different skin geometry.

4. Optical Coherence Tomography

Optical coherence tomography, or OCT, is an optical
imaging technique using light waves that produces high-
resolution imagery of biological tissue. OCT creates its
images by focusing a beam of light into a medium and
interferometrically scanning the depth of a linear succession
of spots and measuring the absorption and/or the scattering
of the light at different depths in each successive spot. In
some cases, the data can be processed to present an image
of the linear cross section of the medium scanned.

A light source can output a beam of light having a broad
spectrum of wavelengths. The beam of light can be colli-
mated and pass a beam splitter such that a portion of the
beam of light is directed towards the tissue and a portion of
the beam of light is directed toward a reference arm. The
light can be either polarized, partially polarized, or non-
polarized. A polarizer located on one edge of the beam
splitter can polarize the light linearly, elliptically, or circu-
larly, as desired. The path length of the reference arm can be
changed based on the desired measurement depth into the
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tissue. The wavelength can be centered at, for example, 1310
nm with a 50 nm bandwidth. In other cases, the wavelength
can be 1060 nm with a 70 nm bandwidth. The light source
can be selected to have a center wavelength anywhere
between 400 nm and 1700 nm with a broad bandwidth. For
example, the bandwidth can be up to 150 nm. It is under-
stood that different light sources with different center wave-
lengths and bandwidths can be chosen to optimize penetra-
tion depth into the tissue and optimize the depth resolution
of sensitivity to skin structures. The reflected light from the
tissue can be collected using a converging lens and be
directed back through the beam splitter to a photodetector
where it is recombined with a portion of the reference arm
beam to form an interference pattern. A processor can use
the signals from the photodetector to render an image of the
tissue.

OCT can provide a non-invasive method for identifying
one or more characteristics of a tissue’s structure. For
example, OCT data (which can be referred to as tissue
geometry data) can include an indication of a boundary
between the main skin layers, such as the epidermis (out-
ermost layer of the skin), the dermis (layer beneath the
epidermis), or the hypodermis (layer directly below the
dermis and serves to connect the skin to the underlying
fibrous tissue of the bones or muscles). The epidermis is
further divided into five, separate layers (Stratum Corneum,
Stratum Lucidum, Stratum Granulosum, Stratum Spinosum,
and Stratum Basale) and the dermis is divided into two,
separate layers (the papillary dermis and the reticular der-
mis). In some cases, OCT data can provide an indication of
a boundary between any of these layers. In addition or
alternatively, OCT data can include an indication of a
thickness of any of the epidermis, dermis, or hypodermis, or
their individual layers.

For example, FIG. 4A illustrates an example 4D OCT
image obtained from a volar side of forearm skin, and FIG.
4B illustrates an example one-dimensional distribution of
light intensity vs. depth obtained by averaging Amplitude
scans (A-scans) in the reconstructed OCT 4D image of FIG.
4A. The slope of the line of FIG. 4B is indicative of index
of refraction of tissue. A difference in the index of refraction,
or a difference in slope, can indicate a new skin or tissue
layer because each layer may have a different index of
refraction. As illustrated, the first peak 402 corresponds to
the skin surface, and the second peak 408 corresponds to the
dermoepidermal junction, which is the area of tissue that
joins the epidermis 410 and the dermis layers (for example,
the papillary dermis 404) of the skin. Accordingly, using
OCT data, the system 200 can determine a thickness of one
or more of various skin layers such as, but not limited to, the
epidermis 410, the dermoepidermal junction, the papillary
dermis 404, the reticular dermis 406, or the like.

In some cases, OCT data can provide an indication that an
OCT sensor is interrogating an unfavorable tissue site. An
unfavorable tissue site can include any tissue site that might
provide distorted or inaccurate OCT data (relative to desired
OCT data), such as tissue sites that include at least a portion
of a hair follicle, a pore, a bone, a finger- or toe-nail, a
pimple, a mole, a scar, a blister, a callous, debris, other skin
imperfection, or the like.

A particular tissue site can retain its specific optical profile
over time, and that optical profile can be different from
another tissue site. Accordingly, to maintain data harmoni-
zation capabilities, it can be advantageous for sensors to
interrogate the same or a substantially proximate tissue site.
One problem associated with interrogating the same or a
substantially proximate tissue site relates to the subsequent
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placement of a sensor after it has been removed from the
patient or when it is shifted in some way from its original
positioning. For example, a subsequent OCT measurement
or set of measurements can occur minutes, hours, days,
weeks, or some other period of time after the first measure-
ment, and it can be unreasonable to require a patient to wear
or interact with the OCT sensor for the duration of that
period of time. Nonetheless, even though the OCT sensor
has been separated from the patient or shifted from its
original position, it can be advantageous for the subsequent
OCT measurement(s) to occur at the same location as the
first measurement. For example, as described herein, a first
tissue site may have a different tissue structure, density,
depth, hydration, analyte concentration, or the like than a
second, different tissue site. Thus, if the OCT sensor is
placed at the same location for each measurement, then
previous calculations, determinations, or the like can be
utilized, which can simplify any calibrations or corrections
to sensor data, among other things.

To solve these and other problems, tissue geometry infor-
mation associated with OCT data can be utilized to deter-
mine whether a subsequent placement of the OCT sensor
allows the OCT sensor to interrogate the tissue site corre-
sponding to the tissue site of the first OCT measurement(s).
For example, a processor can compare the first tissue geom-
etry data associated with the first OCT measurement(s) with
the subsequent tissue geometry data associated with the
subsequent OCT measurement(s). If the subsequent tissue
geometry data does not correspond to the first tissue geom-
etry data, then the processor can cause one or more actions
to occur. For example, the processor can cause an output to
indicate that the subsequent tissue geometry data does not
correspond to the first tissue geometry data. In other words,
the processor can cause an output to indicate that the
subsequent placement of the OCT sensor is incorrect, or is
different from the first OCT sensor placement, or the pro-
cessor can cause an output to indicate a probe-off condition.
In addition or alternatively, the processor can cause the OCT
sensor to be re-positioned. For example, based on the
comparison, the processor can suggest a new placement of
the OCT sensor, which may more closely correspond to the
first placement of the OCT sensor. In addition or alterna-
tively, the processor can control a motorized component to
re-position to the OCT sensor such that it more closely
corresponds to the first placement of the OCT sensor. Still,
in some implementations, the processor can calibrate other
sensors based on the subsequent tissue geometry data, rather
than the first tissue geometry data.

Alternatively, if the subsequent tissue geometry data does
correspond to the first tissue geometry data, then the pro-
cessor can cause one or more other actions to occur. For
example, the processor can cause an output to indicate that
the subsequent tissue geometry data does correspond to the
first tissue geometry data. In other words, the processor can
cause an output to indicate that the subsequent placement of
the OCT sensor is correct, as compared to the first placement
of'the OCT sensor. In addition or alternatively, the processor
can calibrate other sensors based on the first tissue geometry
data or the subsequent tissue geometry data.

5. Raman Spectroscopy

The Raman effect is a light-scattering phenomenon that
can provide insight as to one or more characteristics of an
analyte in a sample. When light irradiates a tissue, a fraction
of the light is scattered, meaning it emerges in directions
other than that of the incident (incoming) beam. Most of this
scattered light, generally referred to as Rayleigh scattering,
emerges at the original frequency (f;) and wavelength of the
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incident beam. A small portion of the scattered light, how-
ever, emerges at some shifted frequency (f)) that is different
from, and usually lower than, the original frequency (f;,) and
has wavelengths different from that of the incident light. The
process leading to this small portion of the scattered light is
termed the Raman effect or Raman scattering.

Raman scattering can occur with a change in vibrational
or rotational energy of a molecule. Accordingly, the Raman
spectra can contain information about the specific chemical
substance in the irradiated tissue. For example, Raman
scattering yields a set of characteristic peaks in a spectrum,
which is a “fingerprint” of a specific chemical substance.
Therefore, Raman has high specificity in glucose measure-
ments.

Raman spectroscopy has exhibited promise with respect
to blood glucose detection, for example, due to its capability
to gain information about the molecular constitution non-
invasively. For example, features (such as peaks) of the
Raman spectra are considered the Raman “fingerprints” of
analytes, such as glucose. Accordingly, using an isolated or
semi-isolated Raman signal, the system can identify physi-
ological data, such as information regarding a patient’s
blood glucose level. However, for various reasons, it has
been challenging to isolate a pure Raman signal from a
signal obtained from a Raman spectrometer.

The signal collected through Raman spectroscopy is
based at least in part on the collection optics and the focal
distance/depth of the optics into the tissue. In some cases,
the system can use data from one or more sensors to select
an appropriate focal depth. For example, a focal depth can
be selected that may provide a high or the highest resolution
of'the Raman or collected signal. In addition or alternatively,
a focal depth can be selected that will allow the Raman
spectrometer to focus on a particular location of the tissue,
such as the capillary beds. For example, OCT, bioelectrical
impedance, or tissue dielectric constant measurements may
provide tissue geometry data (for example, structural and
functional information) that can be used to select a focal
depth into the tissue. For example, the selection can be based
at least in part on a water content of a portion of the tissue,
a thickness of one or more skin layers, or a particular
location of tissue, such as the capillary beds.

Although complex, an approximation of a measurement
obtained from a Raman spectrometer can be determined
using one or more of the following equations:

I =l (Equation 2)
Ro=R I, (Equation 3)
Fo=0I,; (Equation 4)

L=3((Rg+F)e™2) (Equation 5)

where 1, is an intensity of excitation light, I, is an intensity
of scattered light over a mean path length, A, is a first
interrogation volume, R , represents Raman activity, R, is an
intensity Raman scattering at a specific wavelength of light,
F, is an intensity of Florescence at the specific wavelength
of light, @ represents quantum efficiency, A, represents a
second interrogation volume, and I, is an intensity of
emissed light from isotropic Raman activity. From these
relationships, it can be seen that the intensity of measured
light (1,) is dependent on the intensity of Raman scattering
(Ry), the intensity of Fluorescence (F,), the first interroga-
tion volume (A,), or the second interrogation volume (A,),
among other things. Due to the nature of the Raman spec-
troscopy, the intensity of Raman scattering (R,) is often of
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very low intensity. In various aspects, a controller can reduce
or remove an effect of Fluorescence or absorption on the
measured signal, thereby isolating or improving the Raman
signal (R,).

6. Fluorescence

A challenge in the implementation of Raman spectros-
copy to obtain physiological data is the emission of fluo-
rescence. Accordingly, if fluorescence is generated, it often
overwhelms the Raman signal, effectively hiding the Raman
features. Thus, in some cases, is can be advantageous to
isolate the Raman signal.

FIG. 5 shows a graph 500 illustrating various example
light intensity signals acquired at a patient’s wrist. In this
example, the y-axis corresponds to arbitrary intensity units,
while the x-axis corresponds to a wavenumber shift (in
cm™). Because the Raman signal is dependent on the
excitation wavelength, it can be convenient to use wav-
enumber to indicate the change of wavelength compared to
excitation wavelength. Wavelength change is also photo
energy change that is often described by wavenumber
change in the frequency domain, because wavenumber is
used to describe wavelength in the frequency domain. Wave-
length can convert to wavenumbers by dividing one centi-
meter by wavelength.

As described herein, the light intensity signal acquired
from a Raman spectrometer is influenced by the emission of
florescence. For example, fluorescence is often much more
intense than Raman scattering, and fluorescence can over-
whelm or mask a Raman measurement in the light intensity
signal. This can be seen in each of the signals of the graph
500. For example, the overall shape of each signal of the
graph 500 is attributable to the fluorescence, while the subtle
oscillations of each signal are attributable to Raman.
Because the fluorescence tends to mask the Raman spec-
trum, it can be desirable to remove or reduce an effect of the
fluorescence on the light intensity signal.

Various techniques for removing or reducing an effect of
the fluorescence on the light intensity signal are known,
including, but not limited to, confocal configuration, pho-
tobleaching, chemical bleaching, deployment of laser exci-
tation at longer wavelengths, filtering with respect to pixel
frequency (or wavenumber frequency), signal decomposi-
tion by various forms of component subtraction from a priori
information, photobleaching curve fitting to subtract away
an approximated fluorescence signal, frequency offset
Raman methods, spatial offset Raman methods, or the like.

For example, irradiating tissue with intense laser light for
a long period of time (sometimes referred to as photobleach-
ing) can reduce a level of fluorescence emission in the light
intensity signal, thus increasing the signal to noise (S/N)
ratio of a Raman measurement. That is because the fluores-
cence signal of skin will decrease over time (experiencing an
exponential decay) as a source is continually shining, while
a Raman signal will not change. By looking at the expo-
nential decay (in time) of photobleaching, the system can
obtain a fluorescence approximation by curve fitting.

As another example, a system can use a first excitation
wavelength to characterize the fluorescence, and then can
subtract the fluorescence from a signal of a second excitation
wavelength to isolate the Raman. For example, a location of
peaks of the fluorescence emission are independent of
excitation wavelength, whereas a location of peaks and
compactness of emission of Raman spectra are dependent on
excitation wavelength. Using this information, the system
can remove or reduce an effect of fluorescence emission in
the light intensity signal. Fluorescence can also be removed
by taking sequential measurements of the tissue over time.
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For example, the fluorescence signal can be isolated by the
change of the measured spectrum overtime.

FIG. 6 illustrates a scaled view of the various example
light intensity signals of FIG. 5. As described herein with
respect to FIG. 5, the light intensity signals are influenced
by, among other things, fluorescence, Raman scattering, and
tissue absorption. For example, the light intensity signals
can include a significant fluorescence baseline.

FIG. 7 illustrates an approximation of an intensity of the
fluorescence portion 700 of the light intensity signals 600 of
FIG. 6. This approximation of fluorescence can be deter-
mined using various techniques, such as those described
herein. The system can utilize photobleaching curve fitting
to subtract away an approximated fluorescence signal. For
example, over time, the Raman signal (R,) will remain
constant while the fluorescence F, will experience an expo-
nential decay. By looking at the exponential decay (in time)
of photobleaching, the system can obtain a fluorescence
approximation by curve fitting.

FIG. 8 illustrates an approximation of an intensity of the
isolated Raman with tissue absorption signals of FIG. 6. In
this example, at least some of the effect of florescence (for
example, illustrated in FIG. 7) has been removed or reduced.
Accordingly, the graph 600 of FIG. 6 can be approximately
equal to the Raman and tissue absorption portion (for
example, the Z(R,e~*2) portion of Equation 6) of the light
intensity signals of FIG. 5. As can be seen from a compari-
son of FIGS. 7 and 9, the presence of fluorescence in the
light intensity signals 600 can mask many of the Raman
features, such as the peaks, valleys, amplitude, compaction,
and the like. By removing or reducing the presence of
fluorescence in the light intensity signals 600, the system can
isolate the Raman signal.

FIG. 9 illustrates an approximation of an intensity of the
isolated Raman with tissue absorption signals of FIG. 6. In
this example, the signal of graph 800 of FIG. 8 has been
filtered to reduce or remove at least some of a remaining
effect of florescence. For example, the system can filter the
signal using a band pass or high pass filter.

7. Absorption

Another challenge in the implementation of Raman spec-
troscopy to obtain physiological data is the attenuation of the
signal due to absorption. In some cases, the Raman signal
can be isolated or improved by reducing or removing an
effect of absorption on the measured signal. For example,
sensor data from one or more sensors, such as a near infrared
(NIR), reflectance, transmittance, or pulse oximetry sensor,
can be utilized to determine absorption, which can be
removed from one or more other measurements, such as a
Raman measurement.

An effect of the tissue absorption (for example, the e™*
portion of Equation 6) may be removed or reduced in
various ways. For example, the absorption data, transmis-
sion data, reflectance data, or the like may be determined
using data from one or more sensors, such as, but not limited
to, a near infrared (NIR), reflectance, transmittance, or pulse
oximetry sensor. Based on the sensor data, a processor can
further process the signal (for example, signal 800 or 900)
to reduce or subtract an effect of the attenuation of the signal
due to absorption.

8. Bioelectrical Impedance (Bioimpedance)

Impedance can be characterized as a physical variable
describing the resistance characteristics acting on an electric
current. Bioelectrical impedance is based on the principle
that tissues or fluids of a patient have different impedances,
that is, opposition to the flow of the electric current, which
in turn may be dependent on variables such as water and
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electrolyte content, to name a few. Using a bioelectrical
impedance, analysis can be performed to examine electrical,
capacitive, or resistive characteristics of tissue to provide
information on a noninvasive basis.

Mathematically, bioelectrical impedance can be repre-
sented as a complex number including a real component
(resistance) and an imaginary dimension (reactance). For
example, the bioelectrical impedance can be calculated
using the following equation below:

Z=R+jX=|Z|e® Equation 6
. q

where R is resistance, X is reactance, |Z| is amplitude, and
0 is phase.

A number of physiological characteristics or parameters
can be calculated or estimated using determined bioelectri-
cal impedance characteristics, such as water content, body
cell mass (BCM), extra cellular mass (ECM), extracellular
fluid (ECF), extracellular water (ECW), fat-free mass
(FFM), fat mass (FM), total body water (IBW), electrolyte
composition, cell membrane mass, cell membrane function
and the like.

Biological tissues can have complex electrical impedance
which is dependent, for instance, on the frequency of the
electrical applied field or tissue cellular structure. Therefore,
the electrical impedance of tissue is a function of its struc-
ture and it can be used to differentiate or determine charac-
teristics of one or more layers to tissue.

The system can include a bioimpedance sensor configured
to apply an electrical signal to the tissue, which can include
one or more of various voltages, currents, frequencies (for
example, 1 kHz to 2.5 GHz), or fields. In some cases, the
path length of the signal can vary based on the applied
electrical signal. For example, low frequency signals may
primarily reflect the extracellular environment, while high
frequency signals may reflect both the intra- and extracel-
Iular environment. In addition, the bioimpedance sensor can
be configured to measure characteristics of the applied
electrical signal as it passes (or after it has passed) through
tissue. For example, the bioimpedance sensor can measure a
voltage, current, frequency, magnetic field, etc., which can
be indicative of a voltage difference across tissue or a
biological impedance of a tissue, to name a few.

One or more properties of skin may disturb or disrupt
bioimpedance measurements. For example, the stratum cor-
neum can limit bioimpedance measurements. Accordingly,
as illustrated in FIG. 10, the bioimpedance sensor can
include a micro-invasive element 1002 that is configured to
penetrate the stratum corneum layer. For example, the
bioimpedance sensor can include spikes or other elements
that penetrate approximately 10-20 pm deep.

FIG. 11 illustrates an example bioimpedance sensor 1102.
The sensor 1102 can include multiple channels of spiked
regions configured to penetrate the skin. As shown, spacing
between the channels can allow for shallow and deep
penetration, such that the bioimpedance sensor 1102 can
measure impedance at various depths, such as Depths 1a, 2a,
3a, or 4a.

Using information from the bioelectric sensor(s) 1102, the
system 200 can determine information about the tissue
geometry. For example, based on bioelectric sensor data, the
system can determine a cellular structure of the tissue, which
may affect various physiological parameters, such as path
length or absorption. In addition, based on bioelectric sensor
data, the system can determine information related to hydra-
tion of the skin or tissue. For example, water content can be
directly related to skin thickness. As described herein, in
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some cases, the system can select a focal depth of the Raman
spectrometer based at least in part on tissue geometry data.

9. Tissue Dielectric Constant

In addition or alternatively to bioimpedance or OCT, the
system can utilize one or more tissue dielectric constant
sensors to determine various tissue geometries or tissue
information, including, but not limited to a dielectric con-
stant of tissue. For example, the system 200 can include a
plurality of probes for different measuring depths, such as
0.5 mm, 1.5 mm, 2.5 mm, and 5 mm effective depths, and
the system can determine a dielectric value at each of the
different depths. In addition or alternatively, the system 200
can include one or more probes that are each configured to
measure at different depths, such as 0.5 mm, 1.5 mm, 2.5
mm, and 5 mm effective depths, and the system can deter-
mine a dielectric value at each of the different depths. The
dielectric value can correlate with water content, which can
be tied to tissue structure.

Accordingly, the tissue dielectric constant can provide
information which can be combined with other sensor
information (for example, OCT, bioimpedance, reflectance
or transmission measurements, Raman measurements) to
determine more accurate physiological measurements, such
as blood glucose levels. For example, the bioimpedance or
tissue dielectric constant data can provide information that
correlates with local tissue hydration, or can provide infor-
mation about different skin layers or cellular structure infor-
mation. Furthermore, bioimpedance or tissue dielectric con-
stant sensors can provide real-time measurements that can
provide information about physiological “noise” within the
tissue, which can be used to calibrate other measurements or
calculations. As described herein, in some cases, the system
can select a focal depth of the Raman spectrometer based at
least in part on tissue geometry data.

B. EXAMPLE DATA HARMONIZATION

FIG. 12A illustrates a flow diagram illustrative of an
example routine for harmonizing data from a plurality of
non-invasive sensors. One skilled in the relevant art will
appreciate that the elements outlined for routine 1300 may
be implemented by one or many computing devices/com-
ponents, such as in hardware, with a front end component,
with a sensor interface, or with a processor, such as one or
more processors housed in a patient monitor, one or more
remote processors, one or more processors housed in the
sensors, etc. Accordingly, although routine 1300 has been
logically associated as being generally performed by a
processor, the following illustrative embodiments should not
be construed as limiting.

At block 1302, a processor can receive data from one or
more first noninvasive sensors. The one or more first non-
invasive sensors can include an optical coherence tomogra-
phy (OCT) sensor. As described herein, the OCT sensor can
provide a non-invasive method for identifying one or more
characteristics of a tissue’s structure. The data received by
the processor from the OCT sensor can include OCT data,
which can be referred to as tissue geometry data.

In addition or alternatively, the one or more first nonin-
vasive sensors can include a bioimpedance sensor or a tissue
dielectric constant sensor. As described herein, the bio-
impedance sensor or tissue dielectric constant sensor can
provide a non-invasive method for identifying one or more
characteristics of a tissue’s structure. The data received by
the processor from the bioimpedance sensor or tissue dielec-
tric constant sensor can include bioimpedance data, which
can include tissue geometry data, hydration data, or the like.

10

15

20

25

30

35

40

45

50

55

60

65

22

At block 1304, a processor can receive data from one or
more second noninvasive sensors. The one or more second
noninvasive sensors can include a pulse oximetry sensor,
such as a reflectance or transmission sensor. As described
herein, the pulse oximetry sensor can provide a non-invasive
method for identifying or more of various physiological
parameters.

At block 1306, a processor can receive data from one or
more third noninvasive sensors. The one or more second
noninvasive sensors can include a Raman spectrometer. As
described herein, the Raman spectrometer can provide a
non-invasive method for identifying or more of various
physiological parameters.

At block 1308, the processor can harmonize the data
received from two or more of the non-invasive sensors. By
harmonizing the data from two or more non-invasive sen-
sors, the system may be able to compensate for circum-
stances that might otherwise result in inaccurate or unreli-
able data. For example, using skin geometry information
(for example, skin thickness), the processor can weight or
prioritize longer or shorter path length detectors. In addition
or alternatively, the various sensor data, such as skin geom-
etry information, can allow the processor compensate for
sensor or probe placement. For example, a location, cou-
pling, or pressure can be compensated by the processor by
adjusting path length, which can be determined from the
various sensor data, such as skin geometry information.
Similarly, the processor can utilize the various sensor data,
such as skin geometry information, to detect drift or motion
at the tissue site.

As a non-limiting example, the data received at block
1302 from the OCT sensor, the bioelectrical impedance
sensor, or the tissue dielectric constant sensor can include
tissue geometry information. Based at least in part on the
tissue geometry data, the processor can determine a path
length corresponding to a tissue site interrogated by the one
or more first noninvasive sensors. In some cases, the deter-
mined path length can be utilized with the pulse oximetry
sensor to determine a concentration of an analyte, such as
blood glucose. For example, based on the data received at
block 1304 from the one or more second noninvasive
sensors, the processor can determine an absorbance corre-
sponding to a tissue site interrogated by the one or more
second noninvasive sensors. Using one or more relation-
ships derived from Beer’s law (Equation 1), the concentra-
tion, ¢, of one or more analytes can be determined using the
absorbance, A, determined from the pulse oximetry sensor
data, and the path length, b, determined from the tissue
geometry data.

As another non-limiting example, the processor can uti-
lize the tissue geometry data to select a focal depth or focal
length, wavelength, refractive index, or other parameter
associated with the Raman spectrometer. For example, the
tissue geometry data can provide an indication of a particu-
lar location of tissue, such as the capillary beds. The
processor can select a focal depth or focal length of the
Raman spectrometer such that the Raman spectrometer can
focus on this particular location. As a result, the processor
can determine a more accurate indication of glucose con-
centration from the Raman signal.

As another non-limiting example, the processor can uti-
lize the pulse oximetry data to filter data received from a
Raman Spectrometer to isolate a Raman Spectra. For
example, as described herein, a direct measurement of
glucose can be determined based on features of the isolated
Raman signal. Using the pulse oximetry data, the processor
can filter out an effect of absorbance on the Raman Spectra.
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Additionally or alternatively, the processor can utilize the
measurement result from the pulse oximetry data to better
understand the components in the tissue that produce the
Raman Spectra.

In addition or alternatively, using the various sensor data,
the processor can create calibrations for one or more indi-
viduals. For example, although skin geometry may vary
between individuals, one or more groups of individuals may
have similar skin geometries, which can allow for more
accurate physiological parameter estimations of for indi-
viduals in those groups. For example, using the various
sensor data, such as the skin geometry, Raman, or NIR data,
the processor can determine calibrations for different
groups, such as different skin populations, different ages, or
the like.

The various blocks of process 1300 described herein can
be implemented in a variety of orders, and that the system
can implement one or more of the blocks concurrently or
change the order, as desired. For example, the system 100
can concurrently receive any of the sensor data, or receive
the sensor data in any order. Similarly, the system can make
one or more calculations or determinations in any order,
such as before or after receiving data from one or more
Sensors.

It will be understood that any of the first, second, or third
sensors can interrogate the same or a different tissue site.
Furthermore, it will be understood that fewer, more, or
different blocks can be used as part of the routine 1300.
Likewise, fewer, more, or different sensors can be used by
the system. For example, the routine 1300 can include
blocks for receiving data associated with additional non-
invasive sensors or determining various other physiological
parameters. Furthermore, the routine 1300 can include caus-
ing a display to display one or more of various indications
of the any other the sensor data, calculations, or determina-
tions.

FIG. 12B illustrates a flow diagram illustrative of an
example routine for harmonizing data from a plurality of
non-invasive sensors. One skilled in the relevant art will
appreciate that the elements outlined for routine 1400 may
be implemented by one or many computing devices/com-
ponents, such as in hardware, with a front end component,
with a sensor interface, or with a processor, such as one or
more processors housed in a patient monitor, one or more
remote processors, one or more processors housed in the
sensors, etc. Accordingly, although routine 1400 has been
logically associated as being generally performed by a
processor, the following illustrative embodiments should not
be construed as limiting.

At block 1402, the process 1400 can receive tissue
geometry data from a first noninvasive sensor. As described
herein, the first non-invasive sensor can include a combina-
tion of one or more of an OCT sensor, a bioimpedance
sensor, a tissue dielectric constant sensor, or any other sensor
configured to measure or determine tissue geometry data.
The tissue geometry data can include various information
corresponding to the skin, fluids, bones, or the like. For
example, tissue geometry data can include, but is not limited
to, a thickness of one or more skin layers (for example, the
epidermis, the dermoepidermal junction, the papillary der-
mis, the reticular dermis, etc.), cellular structure informa-
tion, a water content of a portion of the tissue, etc.

At block 1404, the process 1400 can calibrate a Raman
Spectrometer based at least in part on the tissue geometry
data received at block 1402. For example, the tissue geom-
etry data can provide insight about the tissue site, which can
allow the process 1400 to optimize one or more settings of
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the Raman spectrometer. For example, based at least in part
on the tissue geometry data, the process 1400 can select a
focal depth or focal length, wavelength, refractive index, or
other parameter associated with the Raman spectrometer. By
adjusting one or more settings or positioning of the Raman
spectrometer based on the tissue geometry data, the process
can enhance a signal received by the Raman spectrometer.
For example, the new settings can increase the collection
efficiency, the resolution, the signal-to-noise ratio, or the like
of the Raman signal.

At block 1406, the process 1400 can receive absorption,
transmission, reflectance, or other data from a second non-
invasive sensor. As described herein, the second non-inva-
sive sensor can include one or more of a pulse oximetry
sensor, a reflectance sensor, a transmittance sensor, or
another sensor from which absorption, transmission, reflec-
tance, or other tissue related data can be determined. In some
cases, the second noninvasive sensor can include a light
source configured to emit light and a detector and configured
to detect light. Depending on the type of sensors, the
detector can be configured to detect light after having it has
passed through, reflected, refracted, or scattered at a tissue
site of a patient. In some cases, the tissue site corresponding
to the second sensor (for example, the tissue site at which the
second sensor takes a measurement) is the same tissue site
(or within a close proximity) as the tissue site of the second
sensor. For example, the first and second sensors can be
configured to interrogate the tissue site at different periods of
time. However, in some cases, the first and second sensors
can be configured to interrogate different tissue sites.

At 1408, the process 1400 can receive a Raman signal
corresponding to the Raman spectrometer. As described
herein, the light intensity signal acquired from a Raman
spectrometer may be influenced by the emission of fluores-
cence.

At block 1410, the process 1400 can determine an isolated
Raman signal by reducing or removing an effect of fluores-
cence or an effect of absorption from the Raman signal
received at block 1408. As described herein, fluorescence
can overwhelm or mask a Raman measurement in the light
intensity signal. As such, the process 1400 can use one or
more techniques described herein to reduce or remove an
effect of the fluorescence on the Raman signal. In addition
or alternatively, the process 1400 can reduce or remove an
effect of absorption on the Raman signal. For example, using
the absorption data acquired at block 1406, the process 1400
can filter, subtract, reduce, or remove an effect of absorption
on the Raman signal. By reducing or removing an effect of
fluorescence or an effect of absorption from the Raman
signal, the process 1400 can determine an isolated (or
semi-isolated) Raman signal.

At block 1412, the process 1400 can determine data
corresponding to one or more analytes based at least in part
on the isolated Raman signal. For example, features of the
Raman spectra (such as peaks, valleys, concentrations, etc.)
can corresponds to analytes such as glucose. Accordingly,
using the isolated or semi-isolated Raman signal, the system
can identify physiological data, such as information regard-
ing a patient’s blood glucose level. Thus, the process 1400
can harmonize data from various non-invasive sensors to
non-invasively determine a patient’s blood glucose level, or
other analytes.

It will be understood that the various blocks of process
1400 described herein can be implemented in a variety of
orders, and that the system can implement one or more of the
blocks concurrently or change the order, as desired. Further-
more, it will be understood that fewer, more, or different
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blocks can be used as part of the routine 1400. For example,
fewer, more, or different sensors can be used by the system.
Furthermore, the routine 1400 can include blocks for receiv-
ing data associated with additional non-invasive sensors or
determining various other physiological parameters. Fur-
thermore, the routine 1400 can include displaying one or
more of various indications of the any other the sensor data,
calculations, or determinations.

C. EXAMPLE SIGNAL PROCESSING

FIG. 13 illustrates example signal processing 3305 that
may be part of a process to harmonize physiological mea-
surements made by the system 100. For example, as illus-
trated in FIG. 13, a system 100 can include Raman mea-
surements, absorbance measurements, and OCT
measurements. Signal processing 3305 can include Raman
processing blocks 3307, absorbance processing blocks 3309,
and OCT processing blocks 3311.

Raman processing blocks 3307 can include one or more
blocks for processing or extracting a Raman signal from
Raman measurements. For example, Raman processing
blocks 3307 can include a hotspot correction block 3332, a
window fluorescence removal block 3334, a reference spec-
tra removal block 3336, a tissue fluorescence removal block
3338, and a regression block 3340. The input of the Raman
processing blocks 3307 can include a Raman signal.

In some examples, a hotspot correction block 3332 can
include one or more processes for correcting or accounting
for a peak in intensity or hotspot of an illumination profile
in a Raman signal that may be the result of instrument
geometry or another source.

A window fluorescence removal block 3334 can include
one or more processes for removing or reducing fluores-
cence in a Raman measurement that may have occurred as
a result of excitation of one or more instrument components,
such as a window or lens in the system 100.

A reference spectra removal block 3336 can include one
or more processes for removing portions of the Raman
measurement that correspond to reference components of
the tissue sample. Reference spectra may include a priori
Raman spectra of individual or aggregate tissue constituents,
which can represent a constant or varying background of the
signal.

A tissue fluorescence removal block 3338 can include one
or more processes for removing or reducing fluorescence in
a Raman measurement that may have occurred as a result of
fluorescence excitation at the tissue site being measured.

A regression block 3340 can include one or more pro-
cesses for analyzing a Raman measurement to produce a
Raman signal, such as a partial least squares regression. The
Raman signal can include a Raman spectra with peaks
associated with one or more components of the tissue
sample, such as blood glucose. Additionally or alternatively,
the Raman signal can include information associated with
the Raman measurement, such as an analyte concentration
determined based on a Raman spectra.

Absorbance processing blocks 3309 can include one or
more blocks for processing or extracting an absorbance
signal from absorbance measurements. For example, absor-
bance processing blocks 3309 can include a hotspot correc-
tion block 3342, a filter block 3344, an interpolation block
3346, and a regression block 3348. The input of the absor-
bance processing blocks 3309 can include an absorbance
signal.

In some examples, a hotspot correction block 3342 can
include one or more processes for correcting or accounting
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for a peak in intensity or hotspot of an illumination profile
in an absorbance signal that may be the result of instrument
geometry or other source.

A filter block 3344 can include one or more filter pro-
cesses for filtering an absorbance measurement. For
example, a filter block 3344 can apply a low pass filter (or
other smoothing technique) to help reduce the noise of the
signal that may result from adjacent pixels being close in
wavelength. The closeness in wavelength can result in
adjacent pixels having similar optical properties and little
high frequency information. Thus, advantageously, a filter or
other smoothing technique can help reduce noise.

An interpolation block 3346 of the absorbance processing
blocks 3309 may use an OCT signal, such as described
below, to interpolate data associated with the absorbance
measurement or tissue site. A regression block 3340 can
include one or more processes for analyzing the interpolated
data from block 3346 to produce an absorbance signal, such
as a partial least squares regression.

OCT processing blocks 3311 can include one or more
blocks for processing or extracting an OCT signal from OCT
measurements. For example, OCT processing blocks can
include a peak alignment block 3352, a reflection peak
removal block 3354, a moving linear fit block 3356, and a
scattering estimate block 3358. The output of OCT process-
ing blocks 3311 can include an OCT signal. A peak align-
ment block 3352 can be used to compensate for drifts in the
system, such as temperature, which would shift peaks from
their expected locations. A reflection peak removal block
3354 can remove peaks generated from multiple reflection
events, since the peaks of interest are from single reflections
which describe the structure of the tissue. A moving linear
fit block 3356 can be used to smooth the signal and extract
the slope of the signal. The scattering estimate block 3358
uses the signal and its derivative to predict the scattering
coeflicient of the layers of the tissue.

The Raman signal or the absorbance signal may be
processed by a decision logic block 3350 to determine a
physiological parameter, such as an analyte concentration.

D. EXAMPLE PATIENT MONITORING
SYSTEM

1. Finger Guide

Consistency in repeated measurements can be an issue
when a sensor (for example, sensors 104 of FIG. 1 or sensor
204 of FIG. 2) interrogates a tissue site of a patient due to
changes in positioning of the sensor with respect to the tissue
site from measurement to measurement. In some cases, even
small changes in positioning can result in widely varied
measurements due to changes in composition of the tissue
site at different positions of the sensor on the tissue site. For
example, a tissue site may be a fingernail. A sensor may
perform a first measurement at one position on the fingernail
and a second measurement at a slightly different position on
the fingernail. The slightly different position may result in a
change in detected measurement due to an increased blood
flow or other composition change at the second position
from the first position. Described herein are systems and
methods for repeatedly securing a tissue site with respect to
a sensor so that repeated measurements can be performed at
approximately the same tissue site location on the patient.

FIGS. 14A-15B illustrate components of an example
system for securing a tissue site to one or more sensors. The
system 100 can include one or more tissue site attachment
and interlock components that may mate with each other. In
some examples, an interlock component may be part of or
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coupled to a sensor head of one or more sensors of the
system 100. The interlock component may uniquely or
nonuniquely mate with one or more tissue site attachment
components tissue site attachment components. For
example, different probe heads in the system 100 can include
different interlock components that may mate with different
tissue site attachments. In another example, different probe
heads in the system 100 can include interlock components
that may mate with a single tissue site attachment or single
type of tissue site attachment component. FIGS. 14A-14E
illustrate example interlock and tissue site attachment com-
ponents for use with a Fusion probe head 1436. FIGS. 15A
and 15B illustrate example interlock and tissue site attach-
ment components for use with an absorbance probe head
1510.

As illustrated in FIG. 14A, a tissue site attachment
component 1422, that may mate to an interlock component
associated with a sensor head (such as the Fusion probe head
1436 of FIG. 14B), can be attached to a tissue site 1420. The
attachment component 1422 can include a mating structure
1424 and an opening 1426.

The mating structure 1424 can be a structure capable of
mating with an interlock component associated with a sensor
head (such as the Fusion probe head 1436 of FIG. 14B). For
example, the mating structure 1424 can include a central
raised portion 1428 capable of fitting into a mating cavity of
similar size and shape to the central raised portion 1428.
Additionally or alternatively, the mating structure 1424 can
include one or more walls 1429 that may be raised above a
top surface 1427 of the attachment component 1422. The
one or more walls 1429 may be capable of securing the
attachment component within a mating cavity that may be
part of an interlocking component (such as the interlocking
component 1430 of FIG. 14B). For example, as illustrated in
FIGS. 14C and 14D, the walls 1429 of the attachment
component 1422 can form an area capable of receiving a
portion of an interlocking component such that the inter-
locking component does not significantly move horizontally.

The attachment component 1422 can include an open area
1426. The open area can be of a suitable size and shape
through which a sensor, such as a Raman sensor, can
measure physiological parameters. For example, the open
area 1426 can be large enough to include the spot size of an
excitation source that may be part of the Raman sensor.
Additionally or alternatively, the open area 1426 can be
large enough to allow for the excitation source of the sensor
to scan the tissue site or to account for movement of the
excitation source during use or manufacture. In some
examples, the open area 1426 can be part of the mating
components 1424 such that the one or more portions of the
open area 1426 can be capable of accepting one or more
portions of the interlocking component 1430.

The attachment component 1422 can be coupled to the
tissue site of a patient or user by any suitable means. For
example, the attachment component 1422 can be attached to
the tissue site of a patient using a permanent or temporary
adhesive, by permanent or temporary implantation, via a
wearable device, or other suitable means of temporarily,
semi-permanently, or permanently securing a component to
a tissue site. In some examples, the attachment component
1422 may be secured to a tissue site of a patient via a
semi-permanent adhesive capable of securing the attach-
ment component for a day or more. For example, the
attachment component 1422 may be secured to a tissue site
with a medical adhesive, glue, tape, or other means of
adhering components to a tissue site.
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As illustrated in FIG. 14B, an interlock component 1430
may be coupled to or part of the sensor head 1436. The
interlock component 1430 can include a cavity 1434 of a
size and shape capable of accepting the tissue site attach-
ment component 1422. The cavity 1434 can include an area
1432 through which a Raman sensor can measure a tissue
site.

The interlock component 1430 may have a surface 1440
of a similar curvature to the curvature of a surface 1438 of
attachment component 1422. The curvature of the surface
1440 and surface 1438 can be of similar curvature to that of
the area of the measured tissue site. For example, the tissue
site may be a finger nail and the curvature of can follow the
approximate curvature of the finger nail. In some examples,
the curvature can be specific to the curvature of the tissue
site of the user. For example, the surface 1438 or surface
1440 can be molded, formed, or otherwise shaped according
to the shape of the tissue site. In other examples, the
curvature can be generic to the approximate curvature of the
tissue site of the user. For example, the surface 1438 or 1440
can be molded, formed, or otherwise shaped according to the
approximate curvature of an adult human finger nail where
the tissue site is a finger nail.

FIGS. 14C and 14D illustrate example views of an
external enclosure mechanism for mating a finger guide with
a sensor head. For example, a system 100 can include an
enclosure mechanism 1456 in which a patient can place the
tissue site (for example, a finger 1450) to which an attach-
ment component 1422 may be coupled. The enclosure
mechanism 1456 may include a top portion 1458 A, a bottom
portion 1458B, and a hinge mechanism 1460. The top
portion 1458A and the bottom portion 1458B may come
together to form a cavity capable of accepting a tissue site
of a patient. The top portion 1458A and/or the bottom
portion 1458B may move to open and accept the tissue site
of'the patient via the hinge mechanism 1460. The top portion
1458 A may include an open portion 1451 capable of accept-
ing or securing an interlocking mechanism 1430 or attach-
ment component 1422 of a sensor head 1436. For example,
the open portion 1451 can include an open area of a similar
size and shape to the exterior footprint of the attachment
mechanism 1422 such that the attachment mechanism 1422
can fit inside the open area. Additionally or alternatively, the
open portion 1451 can include an open area of a similar size
and shape to the interlocking mechanism 1430 such that the
interlocking mechanism 1430 can fit inside the open area.

FIG. 14E illustrates an exploded view of the interlocking
components and sensor head assembly. For example, as
illustrated in FIG. 14E, the external mechanism 1456 can
accept attachment component 1422 into an open portion
1451. Additionally or alternatively, the external mechanism
1456 can accept an interlocking component 1430 that may
be associated with a sensor head 1436 for Raman sensor
components 1452 and 1454.

FIGS. 15A-15B illustrate components of example attach-
ment component(s) that may mate interlocking components
associated with an absorbance probe head 1508. For
example, FIG. 15A illustrates an example absorbance head
probe 1508 that may include a sensor end 1510, a holder
1512, and a fiber optic cable 1514. The sensor end 1510 may
be capable of measuring a tissue of a patient. The sensor end
1510 may be held in place within a system 100 with a holder
1512.

FIG. 15B illustrates an exploded view of example inter-
locking components and absorbance probe assembly. For
example, as illustrated in FIG. 15B, an external mechanism
1456 can accept attachment component 1520 into an open
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portion 1521. Additionally or alternatively, the external
mechanism 1522 can accept a sensor end 1510 of the
absorbance head 1508.

The attachment component 1520 can include an open area
1523. The open area 1523 can be of a suitable size and shape
to accept the sensor end 1510 or through which absorbance
probe can measure physiological parameters. For example,
the open area 1523 can be large enough to include the spot
size of an excitation source that may be part of the Absor-
bance probe. Additionally or alternatively, the open area
1523 can be large enough to allow for the excitation source
of the sensor to scan the tissue site or to account for
movement of the excitation source during use or manufac-
ture.

The attachment component 1520 can be coupled to the
tissue site of a patient or user by any suitable means. For
example, the attachment component 1520 can be attached to
the tissue site of a patient using a permanent or temporary
adhesive, by permanent or temporary implantation, via a
wearable device, or other suitable means of temporarily,
semi-permanently, or permanently securing a component to
a tissue site. In some examples, the attachment component
1520 may be secured to a tissue site of a patient via a
semi-permanent adhesive capable of securing the attach-
ment component for a day or more. For example, the
attachment component 1520 may be secured to a tissue site
with a medical adhesive, glue, tape, or other means of
adhering components to a tissue site.

In some examples, the tissue site attachment component
or interlock component can include one or more anti-
counterfeiting components or measures. An anti-counterfeit-
ing component or measurement can include one or more
passive or active components in the tissue site attachment
component or interlock component that may interact or with
another component of the system 100 to authenticate the
attachment component or interlock component. For
example, an anti-counterfeiting component can include a
resistor, identifiable material, barcode, or other method,
device, or material capable of authenticating an attachment
component or interlock component.

2. Clinical System Environment

FIGS. 16 A-16D illustrate example views of the layout of
an example sensor system 1600 that may be part of a system
100. For example, FIG. 16A illustrates an example probe
head assembly 1601 and cradle 1602 that may be part of a
sensor system 1600. FIG. 16B illustrates an example exte-
rior view of the sensor system. FIG. 16C illustrates an
example interior layout of the sensor system. FIG. 16D
illustrates an example frame of the sensor system.

As illustrated in FIG. 16A, a probe head assembly 1601
can include one or more sensors, such as a Raman sensor
1616 and an absorbance probe 1626. The probe head assem-
bly 1601 may include one or more components that allow for
one or more degrees of freedom of movement. For example,
the Raman sensor 1616 can be coupled to one or more
movement stages 1612 and sensor head holders 1610. Addi-
tionally or alternatively, the absorbance probe 1626 can be
coupled to one or more movement stages 1622 and sensor
head holders 1620. The movement stages 1612, 1622 can be
configured to allow one or more sensors 1616, 1626 to have
one or more degrees of freedom of movement, including, but
not limited to rotation, tilting, up, down, left, and right. The
sensor head holders 1610, 1620 can include one or more
securing mechanisms 1614, 1624. The securing
mechanism(s) 1614, 1624 can include an adjustable mecha-
nism to move or secure a sensor 1616, 1626. For example,

15

20

30

40

45

50

55

30

the securing mechanism(s) 1614, 1624 can include a slit
capable of receiving a screw that may tighten into the sensor
1616, 1626.

With continued reference to FIG. 16A, a cradle 1602 can
include a palm rest 1618. The palm rest 1618 can include a
heater (not shown). The heater may heat a surface of the
palm rest 1618 or other surface of the cradle 1602. Advan-
tageously, the heater may enhance blood circulation of the
tissue site. For example, the tissue site may be a portion of
a patient’s hand and the palm rest 1618 may contain a heated
surface capable of increasing circulation of the palm.

The palm rest 1618 can include a movement mechanism
1628 to adjust the location of the palm rest 1618. For
example, the movement mechanism 1628 can include a
sliding mechanism to move the palm rest 1618 forward and
backward. Additionally or alternatively, the movement
mechanism 1628 can include other types of movement
mechanisms, such as a translational or rotational stage, to
allow other types of movement, such as rotation, tilting,
raising, lowering, right and left or other movement. The
movement mechanism 1628 can include one or more stop-
ping, locking, or securing mechanisms. For example, the
movement mechanism 1628 can include a brake, quick latch
and release, or other mechanism to secure the palm rest 1618
once the palm rest 1618 is in the desired location for
measurement of the tissue site.

As illustrated in FIG. 16B, one or more components of a
sensor system 1600 can be contained in a housing 1632. The
housing 1632 can include a hand support 1630, a fixture
portion 1633, one or more covers to cover a hand at a fixture
entrance (not shown), doors 1634, and one or more sheet
metal covers 1635.

The hand support 1630 include an area capable of receiv-
ing a portion of a patient’s hand or arm. The hand support
1630 may support portions of the patient’s arm while the
system 1600 is in use. For example, the system 1600 may
measure a tissue site on the patient’s hand, such as a finger
nail. The patient may rest their arm on the hand support 1630
while the system 1600 measures physiological parameters at
the patient’s finger nail. The hand support 1630 can include
a shelf wide enough for a person to rest their forearm 1631.
In some examples, the palm rest 1618 may be coupled to or
otherwise placed on top of the hand support 1630 such that
a patient’s palm rests on the palm support 1618 while the
patient’s arm is supported by the hand support 1630.

The fixture portion 1633 of the housing 1632 can be
configured to house one or more sensor components or
receive the tissue site of the patient for measuring physi-
ological parameters. For example, the fixture portion 1633
can include a Raman sensor and an absorbance probe (not
shown) that may be capable of measuring physiological
parameters at one or more tissue sites on a patient’s hand. In
some examples, the fixture portion 1633 may be large
enough to fit some or all of one or more probe heads capable
of measuring physiological parameters at one or more tissue
sites of the patient. In order to perform the measurements,
the fixture portion 1633 can include an opening or entrance
(not shown) capable of comfortably receiving at least a
portion of a patient’s hand or arm. For example, the fixture
portion 1633 can include an entrance having a width that is
1.2 times, 1.5 times, or 2 times the width of a typical adult
patient’s hand and a height that is 1.2 times, 1.5 times, or 2
times the height of a typical adult patient’s hand. Other sizes
or ratios of height to width are possible. Additionally or
alternatively, the fixture portion 1633 may be large enough
or deep enough to fit the tissue site of the patient or a larger
portion of the patient’s body that may include the tissue site.
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For example, the fixture portion 1633 may be deep enough
to fit some or all of the patient’s hand or fingers where a
tissue site is a fingernail. In some examples, the fixture
portion 1634 can include a covering, such as a black cloth,
that may fit over part of the received portion of the patient’s
hand or arm such that the fixture portion 1633 is substan-
tially enclosed around the tissue site of the patient.

The fixture portion 1633 of the housing 1632 can include
one or more doors 1634. The doors 1634 may be positioned
on the fixture portion 1633 so as to provide access to or a
view of one or more of the probe heads that may be
contained within the fixture portion 1633. For example, a
door 1634 may be positioned on the top of the fixture portion
1633 in order to access one or more sensor components.
Additionally or alternatively, the doors 1634 may be posi-
tioned on the fixture portion 1633 so as to provide access to
other components of the system 1600. For example, a door
1634 may be positioned on the side of the fixture portion
1633 so as to provide access to a moving mechanism of the
palm rest 1618. The door(s) 1634 may be quick snap doors.
For example, the door(s) 1634 may be mechanically aligned
and latch via one or more magnets.

The housing 1632 can include one or more metal covers
1635. The metal cover(s) 1635 may be removable so as to
provide access to components contained within the housing
1632. The metal cover(s) 1635 may be made of a light
weight and high strength metal, such as 6061 aluminum
alloy. The metal cover(s) 1635 can be coated. For example,
the outside of the metal cover(s) 1635 can be coated in an
anodized coating or other coating capable of reducing the
effects of weathering or other damage that may occur during
use of the system 1600. In another example, the inside of the
metal cover(s) 1635 can be coated in an optical absorption
material, such as broadband optical absorption Krylon paint.

As illustrated in FIG. 16C, the housing sensor system
1600 can include a Raman spectrometer 1640, a Fusion
probe head assembly 1642, an absorbance probe head
assembly 1646, an absorbance system 1644, an imaging
system 1648, one or more openings 1650 for the fusion and
absorbance probes, a controller 1654 for thermistors, an
Optical Coherence Tomography (OCT) system 1656, one or
more cooling components cooling components 1658, and a
temperature control compartment 1660 for an excitation
source.

The Raman spectrometer 1640 can be used to measure a
Raman spectrum at a tissue site through a fusion probe head
1642. The Raman spectrometer 1640 can be cooled by
cooling components, such as one or more cooling compo-
nents 1658. The one or more cooling components 1658 can
be dedicated to the Raman spectrometer 1640 or shared with
other system components. The one or more cooling com-
ponents 1658 can include some combination of thermoelec-
tric cooling components and fans. Additionally or alterna-
tively, cooling or other temperature control be done by other
types of temperature control methods such as using liquid
cooling.

The Absorbance system 1644 can be used to measure
physiological parameters at a tissue site through an absor-
bance probe head 1646. The Absorbance system can be
cooled by cooling components, such as one or more cooling
components 1658. The one or more cooling components
1658 can be dedicated to the Absorbance system 1644 or
shared with other system components.

The OCT system 1656 can be used to measure OCT data
a tissue site through a probe head 1642. The OCT system
1656 can be cooled by cooling components, such as one or
more cooling components 1658. The one or more cooling
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components 1658 can be dedicated to the OCT system 1656
or shared with other system components.

An excitation source can be cooled by cooling compo-
nents, such as a fan 1658. Additionally or alternatively, the
system 1600 can include a temperature control compartment
1660 for the excitation source. Advantageously, the tem-
perature control compartment 1660 can allow for greater
control over the temperature of the excitation source and
other system components by reducing the potential heat
exchange between excitation source components and other
system components, such as the Raman spectrometer 1640,
Absorbance system 1644, and OCT system 1656.

The system 1600 can include one or more openings 1650
for measuring physiological parameters with the fusion
probe head 1642 or absorbance probe head 1646. For
example, the fusion probe head 1642 or absorbance probe
head 1646 can measure physiological parameters through an
opening 1650 on the shelf 1630 on which a portion of a
patient’s hand or arm may rest. Additionally or alternatively,
the system 1600 can measure physiological parameters at a
site on a patient’s finger site within the fixture portion 1633
of the housing 1632.

A system 1600 can include an imaging system 1648. The
imaging system 1648 may be a camera capable of monitor-
ing the positioning of the tissue site of the patient with
respect to the one or more probe heads 1642, 1646. For
example, the camera may be mounted on or near the shelf
1630, palm rest 1618, or other area capable of receiving a
tissue site of a patient. The camera may have one or more
degrees of freedom available to locate or track a tissue site
of a patient during placement of the tissue site near one or
more of the probe heads 1642, 1646. Images from the
imaging system 1648 can be used by the patient or a care
provider to guide the tissue site to a suitable location by
which the one or more probe heads 1642, 1646 can measure
physiological parameters at the tissue site. Additionally or
alternatively, images from the imaging system 1648 can be
used by the patient, care provider, or controller to guide
system components into place for measuring physiological
parameters at the tissue site. For example, a controller can
guide one or more probe heads 1642, 1646 to rest at a
suitable measuring position relative to the tissue site of the
patient using tissue site location information and probe head
location information obtained using images from the imag-
ing system 1648.

A system 1600 can include one or more heaters (not
shown) The one or more heaters can be placed so as to heat
parts of a patient that may increase circulation to a tissue site
being measured. For example, the system 1600 can include
heaters directly placed onto the patient, heaters within a
portion of the system 1600 on which a patient rests a part of
their body, or other suitable area. In another example,
heaters can include one or more heating pads coupled to or
attached to the support 1618, a heating blanket around the
patient arm 1631, or a localized heating element around a
probe head 1642, 1646. The heaters may be monitored by
one or more temperature sensors, such as thermistors, ther-
mocouples, resistance temperature detectors (RTDs), the
like, or some combination thereof. The one or more tem-
peratures sensors may be controlled by a multiple input/
output board 1654.

As illustrated in FIG. 16D, the housing 1632 can include
a frame 1670. The frame 1670 can include materials that
may optimize strength and reduce weight of the system 1600
while protecting, storing, sealing in light, reducing vibration,
and maintaining temperature. For example, the frame can
include CNC AL6061 and sheet metal ALL6061 parts. As
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illustrated with reference to FIG. 16B, the housing 1632 can
include covers 1635 that may fit onto the frame 1670. The
covers 1635 may be removable and allow for quick access
to different hardware contained within the housing 1632. In
some examples, the housing 1632 can include brackets for
securing components to the frame 1670. The brackets (not
shown) can be made of plastic or other lightweight material
so as to further reduce weight and cost.

FIGS. 17A-17D illustrate example views of the probe
heads that may be part of the sensor system. For example,
FIG. 17A illustrates an example probe head. FIG. 17B
illustrates an example cross sectional view of the probe head
of FIG. 17A. FIGS. 17C and 17D illustrate example
exploded views of an example probe head.

As illustrated in FIG. 17A, a probe assembly 1700 can
include an interlocking component 1710, an attachment
component 1711, an fiber optic end 1712, a sensor window
1714, a fiber 1716, an OCT device 1718, and a Raman
sensor 1720. The components of the probe assembly 1700
can be oriented in such a way so that the OCT device 1718
and Raman sensor 1720 can, in use, obtain measurements
from essentially the same, overlapping, or proximate regions
of tissue. By orienting and/or positioning the sensors to
interrogate or analyze essentially the same, overlapping, or
proximate regions of tissue, the probe assembly 1700 can
ensure that each of the sensors 1718, 1720 obtain measure-
ments corresponding to tissue having the same or similar
properties (non-limiting examples: the same or similar opti-
cal profile, the same or similar tissue geometry, or the like).
As aresult, in some embodiments, data from the one or more
sensors can be utilized to improve, calibrate, or confirm data
and/or calculations related to another sensor, thereby
improving a determination or an accuracy of one or more
physiological parameters. It will be understood that fewer,
additional, or different sensors can be included in the probe
assembly 1700.

Advantageously, the sensor window 1714 and fiber 1716
may be large enough to accommodate absorbance measure-
ments at the Raman band using a broadband light source. An
attachment component 1711 that may mate with an inter-
locking component 1710 can include an opening or cutout
that may expose the majority of the window 1714 so that a
tissue site can be measured through the opening. Addition-
ally or alternatively the opening or cutout may include an
area that may expose the majority of the fiber 1716 so that
a tissue site can be measured via the fiber 1716 through the
opening.

As illustrated in FIG. 17B, the OCT sensor 1718 and
Raman sensor 1720 may detect physiological parameters by
emitting or detecting light through a shared space 1730
within the probe head 1701. Advantageously, the shared
space may allow the probe head 1701 to have a smaller
footprint, resulting in a lighter and more efficient probe head
1701.

As illustrated in FIG. 17C, an interlocking component
1710 can include one or more electrical contacts 1732. The
one or more electrical contacts 1732 can be electrically
connected to one or more sensors that may be within or
coupled to the interlock component 1710 or attachment
component 1711. The one or more sensors can be any sensor
for measuring proper fit of the interlock component 1710
with the attachment component 1711, temperature of the
tissue site, proximity of the tissue site, impedance, identity
of the attachment component or patient, or other suitable
sensor for measuring data associated with the tissue site,
interlock component 1710, or attachment component 1711.

10

15

20

25

30

35

40

45

50

55

60

65

34

As illustrated in FIG. 17D, the probe head 1701 can
include one or more electrical components 1734. The elec-
trical components 1734 can protrude so as to make contact
with the electrical contacts 1732 of the interlock attachment
1710. In some examples, the one or more electrical compo-
nents 1734 can be spring loaded so that the one or more
electrical components 1734 are compressed against the
electrical contacts 1732 of the interlock attachment 1710
while the interlock attachment 1710 is coupled to the probe
head 1701. Other forms of electrical connection between the
probe head 1701 and interlock component 1710 or attach-
ment component 1711 are also possible.

3. Timing Processor

FIGS. 18A and 18B show block diagrams of example
timing processor systems 1800 and 1801 that may be used
in association with the example sensor system 100. Advan-
tageously, the timing processor systems 1800 and 1801 may
be programmable. The programmable nature of the systems
1800 and 1801 may allow for adjustments to windows and
timings during sampling and probing of one or more sensors
which may in turn increase the signal to noise ratio (SNR)
of measured data. For example, the systems 1800 or 1801
may allow for asymmetric binning or running of a CCD in
different modes. In another example, the timing processor
system 1800, 1801 may allow for optimally timed and
oversampled readout. In some examples, the timing proces-
sor system 1800, 1801 may allow for a sampling rate of 1 to
15 MSPS.

For example, as illustrated in FIG. 18A, a timing proces-
sor system 1800 can include a program memory 1802, a
synchronizer 1804, a timing processor 1806, a first input first
output (FIFO) module 1808, an ADC controller 1810, a
gating controller 1812, and one or more delay lines 1814.

The timing processor 1806 can include a processor
capable of reading program memory or generating one or
more signals. The one or more signals can include timing
signals. Timing signals can include a signal for synchroniz-
ing different parts of a processing system. For example, a
timing signal can include a signal that oscillates between a
high and a low state to coordinate actions of circuits in the
system 1800. The timing processor 1806 can interact with
other components of the system 1800, such as the program
memory 1802, FIFO 1808, ADC 1810, and gating controller
1812. For example, the timing processor 1806 may read
instructions from the program memory 1802 for generating
timing signals or for other processes. In another example,
the timing processor 1806 may output timing or other
signals to the FIFO 1808 or receive data from the FIFO
1808. In another example, the timing processor 1806 may
output timing or other signals to an ADC controller 1810 or
a gating controller 1812. Interactions with other modules or
computing components are also possible.

The program memory 1802 can include any suitable
memory for holding a program or executable instructions.
For example, the program memory 1802 can include a hard
drive or solid state drive (SSD). The program memory 1802
may interact with the timing processor 1806 to, for example,
read data from the program memory 1802. For example, the
timing processor 1806 can send a read enable signal (rd_en)
and a control signal for the program memory 1802 to allow
access to the data (rd_data) in the program memory.

The FIFO 1808 can include any suitable module for
managing data or signals used in the system 1800. For
example, the FIFO 1808 can include a module for holding
or buffering data or signals. The FIFO 1808 can buffer data
(for example, a timing signal) from the timing processor
1806 according to any suitable criteria. For example, timing
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signals from the timing processor 1806 may be stored in the
FIFO 1808. A synchronizer 1804 may send a timing signal
to the FIFO 1808. The FIFO 1808 may then output buffered
data based on the timing signal from the synchronizer 1804.
The FIFO 1808 may output the buffered data to any number
of computing modules or components, such as the ADC
controller 1810 or the gating controller 1812.

Once a module, such as an ADC controller 1810 or gating
controller 1812, receives data from the FIFO 1808, the
module may output data or operate a process. For example,
the module may output a signal to one or more delay lines
1814. A delay line 1814 can include a module configured to
insert a delay into the path of a signal. The output of a delay
line 1814 can be a signal to any number of hardware
components of the sensor system 100.

In another example, as illustrated in FIG. 18B, a timing
processor system 1801 can include a field-programmable
gate array (FPGA) 1816 and hardware, such as a printed
circuit board (PCB) 1816. The FPGA 1816 can include a
timing generator 1822, one or more delay lines 1824, and
one or more deserializers 1826. The PCB 1816 can include
one or more ADCs 1828. In some examples, a system 1801
can include a single timing generator 1822 and multiple
delay lines 1824, ADCs 1828, and deserializers 1826. For
example, the system can include four delay lines 1824, four
ADCs 1828, and four deserializers 1826. Other combina-
tions of components are also possible.

The timing generator 1822 can include a processor
capable of reading program memory or generating one or
more signals. The one or more signals can include timing
signals. Timing signals can include a signal for synchroniz-
ing different parts of a processing system 1801. For example,
a timing signal can include a signal that oscillates between
a high and a low state to coordinate actions of circuits in the
system 1801. The timing generator 1822 can interact with
other components of the system 1801, such as one or more
delay lines 1824.

A delay line 1824 can include a module configured to
insert a delay into the path of a signal. The output of a delay
line 1824 can be a signal to any number of hardware
components of the sensor system 100, such as an ADC
controller 1828. The delay line 1824 can introduce a deter-
mined delay on a scale 1830, such as described with
reference to FIG. 18C. In some examples, there may be a
plurality of delay lines 1824 for one or more ADCs 1828.
Each delay line 1824 may be configured to transmit a signal
at a specific programmed delay on the scale 1830 such that
an ADC 1828 connected to a delay line 1824 may receive or
transmit signals according to the specific programmed delay
associated with the delay line 1824.

An ADC controller 1828 can receive a signal from one or
more noninvasive sensors. Additionally or alternatively, the
ADC controller 1828 can transmit data to one or more
computing components, such as a deserializer 1826. The
deserializer 1826 can allow the system 1801 to convert serial
data from an ADC 1828 into parallel data.

As illustrated in FIG. 18C, the one or more delay lines
1824 may include a conversion start or clock delay for each
ADC. The delay for each ADC may be programmable. For
example, as illustrated in FIG. 18C, the ADC can be delayed
on a scale 1830 anywhere from 0 to 19 on 300 MHz clock
cycles. In the illustrated example, there are 4 ADCs, each
with a different programmed delay. For example, ADC 0
may have a programmed delay 1832 that includes a con-
version start at 0. In another example, ADC 1 may have a
programmed delay 1834 that includes a conversion start at
5. In another example, ADC 2 may have a programmed
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delay 1836 that includes a conversion start at 10. In another
example, ADC 3 may have a programmed delay 1838 that
includes a conversion start at 15. Those skilled in the arts
may recognize that the amount of delay can be any combi-
nation, including, but not limited to, no delay.

4. Example Fiber Bundle

An interrogation volume, for example, of a tissue of a
patient, may contain multiple layers of varying optical
properties, such as absorption and scattering coefficient,
anisotropy, refractive index, thickness, etc. A bulk absor-
bance measurement may contain the summation of a plu-
rality of these properties. This summation can make it
difficult to distinguish the contribution of individual analytes
to the absorbance measurement.

FIG. 19A illustrates an example absorbance probe head
fiber bundle 1900 that may be part of a Multi-Path Length
Probe Head. Advantageously, the probe head fiber bundle
1900 may help reduce the number of unknowns in an
absorbance measurement by narrowing the probability dis-
tribution of the penetration depth of the light to, for example,
photons traveling from the source to detector fibers. Thus,
the bundle 1900 can limit the number of unknowns in the
absorbance measurement, allowing optical properties of an
interrogation volume to be solved within a certain known
region of the interrogation volume.

As illustrated in FIG. 19A, an absorbance probe head fiber
bundle 1900 can include a set of short path length light
source fibers 1910, a set of long path length light source
fibers 1912, and one or more detector fibers 1914. The light
source fibers 1910, 1912 can be oriented to surround the
detector fiber 1914. For example, the detector fiber 1914 can
be in the center of fiber bundle 1900. The light source fibers
1910, 1912 can be oriented to encircle the detector fiber
1914. In some examples, the short path length light source
fibers 1910 may encircle the detector fiber 1912 to form a
central bundle 1916. In some examples, the long path length
light source fibers 1912 may encircle the central bundle
1912 to form a larger bundle 1918.

The interrogation volume contains multiple layers of
varying optical properties, such as absorption and scattering
coeflicient, anisotropy, refractive index, thickness, etc. How-
ever, a bulk absorbance measurement contains the summa-
tion of all these properties, making it very difficult to
distinguish the contribution of individual analytes. This
probe head narrows the probability distribution of the pen-
etration depth of the light by only accepting photons trav-
eling from the source to detector fibers. Thus, the optical
properties can be solved to be within a certain known region,
thereby limiting the number of unknowns.

A fiber bundle can include multiple fibers of approxi-
mately the same or different shapes or sizes. FIGS. 19B-1
and 19B-2 illustrate example fiber shapes in an example
fiber bundle 1901 that may be part of the system 100. For
example, the fiber bundle 1901 can be part of an illumination
source that may be used with one or more sensors in the
system 100. For example, as illustrated in FIGS. 19B-1 and
19B-2, a fiber bundle 1901 can include an illumination or
detection area 1920 having multiple fibers. As illustrated in
FIG. 19B-1, the area 1920 can include a number of circular
fibers 1922 (for example, 19 circular fibers, 20 circular
fibers, 11 circular fibers) having a diameter equivalent to five
times the diameter of an individual fiber 1922.

The efficiency of illumination or detection through the
fiber bundle 1901 within the area 1920 may be affected by
the packing density in the area 1920. For example, an
increased packing density can increase the efficiency of the
fiber bundle 1901. Packing density can be affected by the
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cross sectional area or shape of individual fibers in the fiber
bundle. For example, use of a hexagonal fiber 1924 may
increase the packing density in the fiber bundle over use of
a circular fiber 1922. As illustrated in FIG. 19B-2, a hex-
agonal fiber 1924 can reduce or eliminate gaps between
fibers within the area 1920. For example, the hexagonal
shape of fibers 1924 may allow for packing sides of the
hexagonal fibers 1924 to touch. In contrast, the fibers 1922
may have limited contact area between fibers due to their
circular shape. Advantageously, use of hexagonal fibers
1924 can result in a packing efficiency of 84 percent, which
may in turn improve the efficiency of the fiber bundle 1901,
allowing for reductions in weight, size, and cost of the fiber
bundle 1901. However, other shapes and packing densities
are also possible.

The shape of the fiber core can advantageously improve
the beam profile in an illumination source. For example, a
cross sectional shape can change the beam profile or inten-
sity of illumination or across the cross section of a fiber core
due to differences in mode mixing within the fiber. FIG. 19C
illustrates an example beam profile associated with different
example fiber shapes. For example, as illustrated in FIG.
19C, a fiber 1930 can include a square core 1932. A cladding
1934 surrounding the square core 1932 can be any suitable
shape, such as circular, square, hexagonal, or other shape.
Advantageously, a square core 1932 can improve the con-
sistency of illumination intensity across the cross section of
the fiber core in comparison to a circular fiber core (not
shown) due to improved mode mixing. For example, as
shown in inset 1934, the illumination profile of a square fiber
core can include mostly consistent or flat output throughout
the cross section of the core. In contrast, as shown in inset
1936, the illumination profile of a circular fiber core can
include a hot spot in the center of the core corresponding to
a Gaussian profile across the cross section of the core.
Advantageously, an approximately flat output from a square
fiber core (or other suitably shaped fiber core) can improve
a patient experience with system measurements by reducing
the likelihood that the patient will be burned by a hot spot
within the beam.

5. Example Optical Scanning

Patient experience with noninvasive, light-based physi-
ological measurements, such as with the sensors described
above can be improved with improved distribution of optical
energy in time and space. For example, distributing optical
energy can reduce the likelihood that a patient will be burned
by an illumination source at a measured tissue site. One way
to distribute optical energy is through optical scanning.
Advantageously, distributing optical energy, by for example,
optical scanning, can allow the system 100 to measure a
tissue site of a patient with a more powerful illumination
source without burning the patient. The increase in power
can increase a signal to noise ratio of a measured signal. The
increased signal to noise ratio can not only improve the
accuracy of the measurement, but also has the potential to
reduce the amount of measurement time needed to perform
a measurement.

In some examples, the system 100 can optically scan a
tissue site of a patient using a distributed light pattern
formed on the tissue site of the patient. The distributed light
pattern can be any suitable pattern, such as a Lissajous
pattern, raster scan, or other pattern. The optical scanning
can be performed within any suitable time frame over any
volume. For example, the optical scanning can be performed
within a 10 second, 30 second, 1 minute, 5 minute, or any
other time frame. The optical scanning can be done con-
tinuously or at any fraction of time during the data acqui-

10

15

20

25

30

35

40

45

50

55

60

65

38

sition time to help optimize the amount of signal from the
tissue site at any given measurement time while helping to
maximize the comfort of the patient. In another example, the
optical scanning can be performed over a tissue site of any
suitable size, including but not limited to the full or partial
area of a patient’s finger nail bed, an area of a patient’s skin
on their hand, nose, tongue, or other suitable site. In some
examples, the interrogated area may be a square centimeter,
2.5 square centimeters, a square centimeter, a square milli-
meter, 25 square millimeters, or any other suitable size. The
optical scanning can be performed at any suitable rate. For
example, the optical scanning can be performed at an
approximately constant rate over the entire pattern or at a
varied rate. Advantageously, performing the scan at a con-
stant rate can provide for a more accurate measurement
across the entire tissue site by ensuring measurements are
distributed evenly across the tissue site. For example, the
tissue site of the patient can be a portion of a patient’s finger
nail that includes the nail bed. The system 100 can scan, at
an approximately constant speed, an illumination source in
a distributed light pattern across the patient’s finger nail in
a Lissajous pattern over a period of one minute to measure
a physiological parameter. However, other patterns, time
frames, interrogation volumes, or rates of scanning are
possible. For example, a scanning speed may be varied in so
as to maximize or increase the intensity at any given region
of the tissue site.

The system 100 can average detected values or param-
eters over the scanned interrogation volume or area. Advan-
tageously, averaging the detected values or parameters can
create a more reproducible measurement by reducing the
effects of noise in individual measurements. For example,
the system 100 may scan a tissue site. An individual mea-
surement (of, for example, blood analyte concentration) at a
portion of the tissue site may result in an inaccurate result
due to, for example, decreased blood volume at that location.
Taking and averaging multiple measurements at nearby
locations at the tissue site may, therefore, decrease the
contribution of that inaccurate measurement to the resulting
determined physiological parameter.

The system 100 can scan a tissue site using any number
of suitable systems and methods for optically scanning a
volume with a sensor probe. FIGS. 20A-20C illustrate
example views of mechanisms for scanning a sensor probe.
For example, FIG. 20A illustrates an example mirror tilting
mechanism for scanning both an excitation and collection
beam of a sensor probe. FIG. 20B illustrates an example
rotary wedge scanning mechanism. FIG. 20C illustrates an
example scanning mechanism for just the excitation beam of
a sensor probe.

As illustrated in FIG. 20A, a probe assembly 2000 can
include a probe head 2012, a beam steering mirror 2002, a
dichroic mirror 2004, an OCT fiber and mirror 2006, a
Raman collection fiber 2008, and a Raman laser 2010. The
Raman laser 2010 can be configured with respect to the
dichroic mirror 2004 so that the Raman laser 2010 (or other
excitation source for a Raman sensor) transmits light
through the probe head 2012. The Raman collection fiber
2008 can be configured with respect to the dichroic mirror
2004 so that a Raman signal measured through the probe
head 2012 propagates back towards the Raman collection
fiber 2008. A mirror 2002 can be placed between the probe
head 2012 and the dichroic mirror 2004 such that the mirror
2002 falls along the beam path of both the laser light from
the Raman laser 2010 and the Raman signal. The system 100
can tilt or otherwise move the mirror 2002 to modify the
beam path of both the laser light from the Raman laser 2010
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and the Raman signal. For example, as illustrated in FIG.
20A-1, a mirror 2002A (such as the mirror 2002 in FIG.
20A) can tilt to alter a beam path 2001 such that at a probe
head 2012A (such as the probe 2012 in FIG. 20A), the beam
2001 moves to different locations 2003A, 2003B, 2003C.

As illustrated in FIG. 20B, a probe assembly 2000 can
include a probe head 2012, an OCT fiber and mirror 2006,
a Raman collection fiber 2008, a Raman laser 2010, and a
rotary wedge 2014. The Raman laser 2010 (or other exci-
tation source for a Raman sensor) can be configured so that
the Raman laser 2010 (or other excitation source for a
Raman sensor) transmits light through the probe head 2012.
The Raman collection fiber 2008 can be configured so that
a Raman signal measured through the probe head 2012
propagates back towards the Raman collection fiber 2008. A
rotary wedge 2014 can be placed between the probe head
2012 and the Raman laser 2010 or Raman collection fiber
2008 such that the rotary wedge 2014 falls along the beam
path of the laser light from the Raman laser 2010 and/or the
Raman signal. The system 100 can rotate or otherwise move
the rotary wedge 2014 to modify the beam path of both the
laser light from the Raman laser 2010 and the Raman signal.
For example, as illustrated in FIG. 20B-1, a wedge 2014A
(such as the rotary wedge 2014 in FIG. 20B) can rotate to
alter a beam path 2001 such that at a probe head 2012 A (such
as the probe 2012 in FIG. 20B), the beam 2001 moves to
different locations 2003A, 2003B, 2003C.

As illustrated in FIG. 20C, a probe assembly 2000 can
include a probe head 2012, an OCT fiber and mirror 2006,
a Raman collection fiber 2008, a Raman laser 2010, and a
beam steering mirror 2016. The Raman laser 2010 can be
configured so that the Raman laser 2010 (or other excitation
source for a Raman sensor) transmits light through the probe
head 2012. The Raman collection fiber 2008 can be config-
ured so that a Raman signal measured through the probe
head 2012 propagates back towards the Raman collection
fiber 2008. A mirror 2016 can be placed between the probe
head 2012 and the Raman laser 2010 such that the mirror
2016 falls along the beam path of the laser light from the
Raman laser 2010. The system 100 can tilt or otherwise
move the mirror 2016 to modify the beam path of the laser
light from the Raman laser 2010. For example, as illustrated
in FIG. 20C-1, a mirror 2016 A (such as the mirror 2016 in
FIG. 20C) can tilt to alter a beam path 2001 such that at a
probe head 2012A (such as the probe 2012 in FIG. 20C), the
beam 2001 moves to different locations 2003A, 2003B,
2003C.

6. Example Lens System

In some examples of the system 100, a laser or collection
beams of one or more sensors may share an optical path. In
examples where a collected signal includes Raman or Fluo-
rescence, noise as a result of the Raman or Fluorescence can
overwhelm or otherwise adversely affect other portions of
the signal. For example, a system 100 can include a Raman
sensor and an OCT sensor. Excitation or collection beams
from the Raman sensor and the OCT sensor can be config-
ured to share the same or approximately the same optical
path. The structural and optical properties derived from OCT
may coincide with changes in the Raman signal when the
same optical path is shared.

FIGS. 21A-21C illustrates example lens systems that may
help bypass unwanted signals (such as Raman and Fluores-
cence from superficial layers containing no or few analytes
of interest) and preserving wanted signals (such as Raman
analytes of interest like glucose) where an optical path may
be shared between sensor collection beams in a sensor
system 100.
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A system 100 may include multiple sensors. The multiple
sensors may include one or more excitation or collection
beams. In some examples, an excitation source for one or
more sensors can include a single fiber source (for example,
a single 100 micron fiber to deliver light). In other examples,
the excitation source for one or more sensors can include one
or more fiber bundles. For example, as illustrated in FIG.
21A, an example sensor bundle 2101 can include one or
more fiber bundles 2100 of sensor lasers.

As illustrated in FIG. 21A, a sensor bundle 2101 can
include one or more fiber bundles 2100 of multiple fibers
2102 each. Any number of configurations of fibers 2102 and
fiber bundles 2100 are possible. The fibers 2102 in the fiber
bundle 2100 may be any suitable size and shape. For
example, the fibers 2102 may be 50 micron in diameter
circular fibers. In another example, the fibers 2102 may be
70 micron in diameter hexagonal fibers. In another example,
the fibers 2102 may be 40 micron in width square fibers. A
width or diameter 2104 of a fiber bundle 2100 can be any
suitable size, such a 165 micron, 200 micron, 100 micron or
other size.

With continued reference to FIG. 21A, a sensor bundle
2101 can include any number of configurations of fibers
2102, fiber bundles 2100, 2108A, 2108B or other sensor
components (such as an OCT illumination source 2110). For
example, a sensor bundle 2101 can include multiple fiber
bundles 2100, 2108A, 2108B and one or more OCT illumi-
nation sources 2110 in a circular configuration. However, the
configuration can be any suitable size and shape, such as a
square, triangle, star, or other shape. The fiber bundles 2100,
2108A, 2108B may be spaced such that light from the fiber
bundles 2100, 2108A, 2108B or one or more OCT illumi-
nation source 2110 is collimated and configured to propagate
towards a tissue sample. For example, the light from mul-
tiple fiber bundles 2100, 2108A, 2108B and one or more
OCT illumination sources 2110 can have a collimation
spacing 2106 of 11 mm, 15 mm, 5 mm or other suitable size.

FIG. 21B illustrates an example beam path through an
example lens system 2120 of excitation and collection
beams that may be emitted by illumination sources in an
example sensor bundle 2101. For example, laser light 2112A
may be emitted by a fiber or fiber bundle, such as fiber
bundle 2108A, in sensor bundle 2101. The laser light 2112A
may be collimated by collimating optics 2116 A and propa-
gate towards a tissue site 2122. In another example, laser
light 2112B may be emitted by a fiber or fiber bundle, such
as fiber bundle 2108B, in sensor bundle 2101. The laser light
2112B may be collimated by collimating optics 2116B and
propagate towards a tissue site 2122. Laser light from other
fibers, fiber bundles, or illumination sources can be similarly
collimated and propagate towards a tissue site 2122 along a
substantially parallel beam path to light 2112A and 2112B.

With continued reference to FIG. 21B, a lens system 2120
can refract light 2112A, 2112B or other light along the beam
path of 2112A, 2112B to converge at or near a tissue site
2122. The lens system 2120 can include focusing optics,
such as one or more convex or plano-convex lenses 2118A,
2118B, one or more concave or plano-concave lenses
2118C, or other type of lens or optical element. The lens
system 2120 can be configured to cause laser light 2112A,
2112B or other light to converge at any number of depths at
or near the tissue site 2112. For example, a tissue site 2122
can include an epidermis layer 2128 and a dermis layer
2126. The laser light 2112A, 2112B can be configured to
converge at a focal point 2130 that may be within the dermis
layer 2126 or at another point at or near the tissue site 2122.
However, other depths are possible.
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A signal 2112C that may be emitted from the tissue site
2122 can follow a collection path to a detector (not shown).
FIG. 21C illustrates an example collection cone angle 2132
of an example collection path. The cone angle 2132 can
correspond to an acceptance angle of a collection fiber (not
shown). The cone angle 2132 can be any suitable angle, such
as 15 degrees, 20 degrees, 26 degrees, 40 degrees or other
angle.

As illustrated in FIG. 22A, a system 100 can include a
window 2134. The window 2134 can be placed between the
lens system 2120 and a tissue site 2122. Advantageously, the
choice of material for the window 2134 can reduce the
amount of unwanted Fluorescence that is coming from
window substrates at the tissue site while still protecting the
optics inside from outside environment. The window 2134
can be any suitable material, including but not limited to
Calcium Fluoride, Magnesium Fluoride, Sapphire, and
Quartz. The window 2134 can be any suitable thickness,
including but not limited to 0.25 mm, 0.5 mm, 1 mm, or
other thickness. Advantageously, as illustrated in FIG. 22B,
different window configurations can change the amount of
Fluorescence collected by the system 100. For example, a
Calcium Fluoride window of 0.5 mm thickness, represented
by line 2212, or a Calcium Fluoride window of 0.25 mm
thickness, represented by line 2210, can reduce the amount
of measured Fluorescence by up to two times less than
baseline, represented by line 2214. The reduced Fluores-
cence can advantageously help to improve the tissue signal
to noise ratio.

In some examples, the lens system 2120 can include a
prism lens 2124. The prism lens 2124 can orient an illumi-
nation source beam 2130, such as an OCT illumination beam
from an OCT illumination source, to travel along a similar
path as the excitation beams 2112A, 2112B, and collection
beams 2112C. An orientation of the prism lens 2124 with
respect to other components of the lens system 2120 can
allow an illumination source beam 2130 to interrogate an
area or volume of the tissue site 2210 at or near the area or
volume of the tissue site 2210 interrogated by the excitation
beams 2112A, 2112B or other beams associated with other
sensor. FIGS. 23A-23C illustrate various configurations of
an example prism lens that may be part of the lens system
2120 that may correspond to different interrogated areas or
volumes of the tissue site 2210. For example, as illustrated
in FIG. 23A, the prism can be oriented to direct the beam
2310 to interrogate a location 2312 of the tissue site corre-
sponding to a center or approximate center of the area or
volume interrogated by the excitation beams 2112A, 2112B
or other beams associated with other sensor. In another
example, as illustrated in FIG. 23B, the prism can be
oriented to direct the beam 2310 to interrogate a location
2314 of the tissue site corresponding to an area or volume
near the area or volume interrogated by the excitation beams
2112A, 2112B or other beams associated with other sensor.
In another example, as illustrated in FIG. 23C, the prism can
be oriented to direct the beam 2310 to interrogate a location
2316 of the tissue site corresponding to another area or
volume near the area or volume interrogated by the excita-
tion beams 2112A, 2112B or other beams associated with
other sensor.

Advantageously, the lens system 2120 can allow the
system 100 to bypass regions of useless tissue signal, as
described above. Additionally, the lens system 2120 can
reduce the chance of burning a patient at the tissue site by
spreading out the excitation light over a larger area of the
tissue in comparison to a single beam. Additionally, the lens
system 2120 can allow for a smaller probe head by allowing
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for OCT and Raman to coexist in a similar beam path in
comparison to separating OCT and Raman beams.

7. Example Heating System

A system 100 can include a heating system for increasing
the temperature of the tissue site of the patient. Advanta-
geously, in some examples, heating a tissue site of a patient
can improve a signal. In some examples, heating a tissue site
of a patient can give information about water content or
properties of the tissue, such as specific heat, density, or
volume. In some examples, heating a tissue can provide
patient specific data due to differences in patient response to
heating.

FIG. 24 illustrates an example temperature environment
2400 in which a sensor system 100 may operate. For
example, a temperature environment 2400 can include an
ambient temperature 2402, a body temperature 2404, a
surface temperature 2406, and radiant heating 2408. In some
examples, a temperature environment 2400 can include an
absorbance sensor 2404, a Raman sensor 2406, or an OCT
sensor 2408. Need different number for surface temperature
and/or Raman sensor; OCT sensor and/or radiant heating;
Absorbance sensor and/or body temperature.

An absorbance sensor 2404 can interrogate the tissue
2410 of the patient at a depth 2412 over an area inside the
tissue 2410 with a width 2418. The depth 2412 can corre-
spond to a focal point of an absorbance sensor 2404 below
the surface of the tissue. The depth 2412 can be any number
of depths, including but not limited to 1.4 mm, 1.5 mm, 1.6
mm, or other depths. The width 2418 can include any
number of widths, including but not limited to 2.5 mm, 3
mm, 3.5 mm, or other width. A Raman sensor 2406 can
interrogate the tissue 2410 of the patient at a depth 2414 over
an area with a width 2420. The depth 2414 can be any
number of depths, including but not limited to 4.4 mm, 4.5
mm, 4.6 mm, or other depths. The width 2420 can include
any number of widths, including but not limited to 2.25 mm,
2.5 mm, 3 mm, or other width. In some examples, the
interrogation volume can overlap in whole or in part or can
be separate within the tissue site. For example, a total cross
section of the measured interrogation volume can have any
number of widths, including but not limited to 4 mm, 5, mm,
or 6 mm.

The temperature environment 2400 can affect the signal
associated with different sensors, such as an absorbance
sensor 2404, Raman sensor 2406, or OCT sensor 2408. For
example, different sensors may interrogate a tissue site at
different depths or cross sections within a tissue 2410.
Temperature at the different depths or cross sections can
vary. For example, the surface temperature 2406 of the tissue
2410 can be cooler than an interior body temperature 2404
that may be at a deeper depth within the tissue 2410 or than
a temperature within an tissue site that may be heated by
radiant heating 2408 due to sensor excitation sources, such
as a laser associated with a Raman sensor 2406. Additionally
or alternatively, an ambient temperature 2402 of the air or
other medium surrounding the tissue site 2410 or the natural
body temperature of the patient can cool the tissue site 2410.
Thus, sensors that interrogate volumes at different depths or
cross sections within the tissue 2410 can change based on
the temperature within that volume.

The temperature in the tissue site 2410 can be determined
by solving a set of differential equations. For example, the
temperature in an interrogation volume may be determined
by both radiant heating and cooling. A change in temperature
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over time (dT/dt) due to radiant heating by a laser can be
modeled by the following equation:

dT  A(D)=PdT A(T)xP
dr p*V*cE -

(Equation 7)

pxVxc

where A(T) is absorbance of the tissue site 2410 as a
function of temperature, P is laser power, p is the density of
the interrogation volume, V is interrogation volume, and c is
specific heat. A change in temperature over time (d1/dt) due
to cooling as a result of the ambient temperature can be
modeled by the Newton’s law of cooling:

T Equation 8
= - K(T-T,) (Equation 8)

where k1 is a constant characteristic of the system and T, is
an ambient temperature of the environment surrounding the
tissue 2410. The solution of the above differential equation
is:

O~(To-T)e ¥+ T, (Equation 9)

A change in temperature over time (dT/dt) due to heating or
cooling as a result of the ambient temperature of the body
(body heat) can be modeled by Newton’s law of cooling:

dT

dr

Equation 10
- KAT-T}) (Equation 10)

where k2 is a constant characteristic of the system and T, is
the body temperature. The solution of the above differential
equation is:

TO~To-Tp)e ™4 T,b (Equation 11)

Using the above equations, a model of temperature as a
function of laser heating, ambient cooling, and body heat
can be determined. For example, using Euler’s method, a
change in temperature can be modeled as:

_AD)«P
T pxVxc

(Equation 12)

daT[n] = ky(Tln] = Tsln)) - ko(Tn] = Ty [n])

where n corresponds to a point in time. Using the above
equation, a temperature at a time n can be determined by
calculating the incremental change in temperature:

Tn+1)=T[n]+dIn]*dt (Equation 13)

FIG. 25A illustrates an example heating of an interroga-
tion volume over time at different wavelengths of a laser that
may radiantly heat the interrogation volume. For example, in
the illustrated example, a radiant heating cycle can include
a baseline portion 2504, a heating portion 2506, and a
cooling portion 2508. The baseline portion 2504 can include
a period of time in which there is no added radiant heating
from a sensor excitation source, such as a Raman laser. The
heating portion 2506 can include a period of time in which
an excitation source, such as a Raman laser, is incident on a
tissue site or otherwise transfers energy to the tissue site. The
cooling portion 2508 can include a period of time in which
an excitation source, such as a Raman laser, is no longer
incident on a tissue site or otherwise transferring energy to
the tissue site.
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With continued reference to FIG. 25A, graph 2501 shows
surface temperature of a tissue site 2410 as a function of
time (represented by line 2510), a modeled output of tem-
perature as function of time (represented by line 2512), a
predicted body temperature as a function of time (repre-
sented by line 2514), and an ambient temperature (repre-
sented by line 2516).

The model associated with model output 2512 of graph
2501 includes an absorbance, A, of 0.128, a first constant,
k1, of 0.0075, and a second constant, k2, of 0.0065. The
model may be initialized using surface temperature data
obtained during a baseline 2504 measurement. As illustrated
in graph 2501, a model output 2512 of temperature can
approximately track the surface temperature 2510 over time
during a heating 2506 and cooling 2508 cycle.

With continued reference to FIG. 25A, graph 2502 shows
change in absorbance over time at different wavelengths of
an excitation source, such as a Raman laser over the baseline
2504, heating 2506, and cooling 2508 cycles.

Additionally or in the alternative to the model of tem-
perature of the tissue sample as a function of time described
above, temperature can be modeled using Legendre poly-
nomials. For example, temperature can be modeled using a
discrete legendre transform (DLT):

2y =L (Equation 14)

L) = TZ X(0)-P(0)

t=-1

where the inverse discrete Legendre transform (IDLT) is:

(Equation 15)

k :kmax

M= Y LK)-Po

k=0

FIG. 25B shows a graph 2511 that includes a Legendre
polynomial model and surface temperature over a radiant
heating cycle that can include a baseline portion 2504, a
heating portion 2506, and a cooling portion 2508. The model
may be initialized using surface temperature data obtained
during a baseline 2504 measurement. As illustrated in graph
2511, the Legendre polynomial model of temperature can
approximately track the surface temperature over time dur-
ing a heating 2506 and cooling 2508 cycle.

With continued reference to FIG. 25B, graph 2512 shows
a Legendre polynomial coefficient value as a function of
polynomial index for the example Legendre polynomial
model in graph 2511.

8. Air Gap Detection

Patient movement or poor tissue site placement during
measurement by a noninvasive sensor can adversely affect
data quality. For example, patient movement or poor tissue
site placement can result in air gaps between the sensor
surface and the tissue site. The presence of these air gaps
may deviate from the designed working parameters of a
sensor instrument and reduce the quality of collected data.
Thus, detecting such events can be important to filter out
data with an air gap by, for example, post-processing or
development of regression algorithms to predict a physi-
ological parameter. Additionally or alternatively, if such
events can be detected during measurement, data collection
procedures can be actively corrected to improve the quality
of the data.
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FIG. 26 illustrates example representations of a patient
measurement site interacting with a sensor or probe head
surface both with and without an air gap. For example,
representation 2601 shows tissue layers 2605 (which can
include the dermis 2604, epidermis 2606, and stratum cor-
neum 2608) of a tissue site of a patient touching or adjacent
to sensor surface 2610 through which a sensor light source
2610 may transmit light. In another example, representation
2602 shows tissue layers 2605 above a sensor surface 2610
such that there is an air gap 2612 between the top tissue layer
2608 and the sensor surface 2610.

FIG. 27 illustrates example OCT sensor data 2700 where
a patient moves the tissue site to produce an air gap 2612
during measurement. For example, data 2700 can include 75
A-scans by an OCT sensor of tissue layers 2605. In the first
35 frames 2702, the patient keeps the tissue site against the
glass 2610. In the last 40 frames 2704, the patient moves the
tissue site so that the there is an air gap 2612 between the
tissue layers 2605 and the glass 2610.

One method for detecting an air gap is by machine
learning. FIG. 28 illustrates an example air gap detection
process using machine learning. For example, the air gap
detection process may involve training a machine learning
algorithm, such as a convolutional neural network (CNN),
using a training set of OCT images that are sorted, for
example, into classes, such as a “probe on/contact class or
“probe off”/air-gap class.

A Convolutional Neural Network (CNN) is a Deep Learn-
ing algorithm which takes in an input image, assigns impor-
tance (or weights) to various areas in the image and be able
to differentiate one from the other. The architecture of a
CNN is inspired by the organization of the Visual Cortex and
designed to mimic the connectivity pattern of Neurons in the
Human Brain. Individual neurons respond to stimuli only in
a localized subregion of the entire visual field, also known
as the Receptive Field. A collection of such overlapping
subfields is used in a CNN architecture to cover the entire
visual area of the image.

As illustrated in FIG. 28, an OCT image 2800 can be
manually or otherwise classified as being a “probe off”
image such that there is an air gap in the image 2800 or a
“contact” image such that there is no or minimal air gap in
the image 2800. The system 100 can then extract data from
the image 2800, such as one dimensional (1D) slices 2802
of the image 2800 at different pixel locations within the
image 2800. The extracted data may be used to train a
machine learning algorithm, such as a convolutional neural
network (CNN) 2804. The trained CNN 2804 may predict
whether an image is a “probe on”/contact image or a “probe
off’/air-gap image. For example, data from acquired images
may be accepted by the CNN 2804 at one or more inputs
2806. The data may then be processed through one or more
convolutional layers 2808 or pooling layers 2810. The
system 100 may perform further processing of the data
before predicting an output 2812. The output 2812 can
include a prediction of a whether the image is a contact
image or a probe off image.

A CNN is able to successtully capture the spatial depen-
dencies and relationships in an image through the applica-
tion of several filters or alternatively also called a kernel or
feature detector. Each filter performs a transformation of the
original image to extract a certain representation, for
example detecting edges, sharpen, blurring, curves detec-
tion, line detection, etc. among many others. These trans-
formations are learnt to specifically adapt to the problem, in
this case air gap detection, during the training process of
CNN Deep Learning Algorithm. During the training proce-
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dure, the neural network is mathematically directed to
understand link between all the images in the training set and
its corresponding image classes. Once trained, the network
is output as a set of weights, which can now detect the
difference between the classes: airgap and contact. These
weights can be reused to classify new OCT image data
previously unseen by the neural network during the training
procedure.

FIG. 29 illustrates an example procedure for training a
neural network to determine the presence of an air gap. For
example, a training procedure 2900 can include a labeling
step 2920, a cross validation step 2922, a training loop 2924,
and a testing loop 2926.

The labeling step 2920 can include labeling data 2902,
such as A-scan OCT data. For example, the locations of air
gaps/“probe off” or “probe on” can be labeled manually
using, for example, an open source tool called VOTT 2904
released by Microsoft research. In some examples, a total of
110,477 A-scans were classified manually into 89144 “probe
on” 2908 and 21333 “probe off”” 2906 classes, which can
also be referred to as ground-truth labels. The labeled dataset
could then be used to train and validate a convolutional
neural network by cross-validation.

The cross-validation step 2922 can include dividing the
dataset from step 2920 into a training set 2910 and a
validation set 2916. In some examples, the division can be
done by holding out all samples from a single patient (all
visits) into the validation set 2916. The rest of the data can
be used as the training set 2910. In some examples, multiple
instances of the neural network can be trained by holding out
data from different patients. In one example, four indepen-
dent networks were trained by holding out patients 4, 17, 22
and 33, who all had 5 separate visits to the clinical study. For
example, by holding out patient number 4, the training set
2910 consisted of 100501 samples (A-scan) and 9976
samples in the validation set 2916.

The training loop 2924 can include a training step 2912
for determining trained weights 2914 based on the training
set 2910. For example, each A-Scan within a training set
2910 can be treated as an image with reduced dimensions,
such as 1x296 pixels (or a 1D “slice” of an OCT image). At
the training step 2912, the CNN can capture the spatial
relationship of the image data. The CNN may then perform
a fit to the image dataset to determine one or more weights
2914 that reduce error in predicted classifications 2918 of
images as contact or air gap images during a test loop 2926.

FIG. 30 illustrates an example neural network topology
3000 for air gap detection. For example, the topology 3000
can include an input image 3024 which is processed into a
convolution layer 3022, a first convolved image 3020, a
convolution layer 3018, a second convolved image 3016, a
maxpooling layer 3025, a maxpooled image 3014, a flatten-
ing layer 3026, a flattened image 3012, a first dense layer
3010, dropout 3008, a second dense layer 3006, and an air
gap classification 3002 or a probe on (or contact) classifi-
cation 3004. One or more of the neural network layers may
have a set of associated weights. One or more of the neural
network layers, such as the maxpooling layer 3025, flatten-
ing layer 3026 or dropout 3008, may lack a set of associated
weights.

The input image 3024 can include a 1D OCT A-scan. The
input image 3024 can have the dimensions of 296x1 pixels
or any other suitable dimensions. The input image 3024 can
be processed in a convolutional layer 3022 to produce a first
convolved image 3020. The convolutional layer 3022 can
filter or generate features from the input image 3024 using
weights, such as the weights 2914 discussed with reference
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to FIG. 29. In some examples, the input image can be
convolved through 8 different filters in the first convolu-
tional layer 3022 which results in an image 3020 having
dimensions of 296x1x8 pixels or any other suitable dimen-
sions. The dimensions may vary according to the number of
filters chosen in the convolutional layer 3022. The first
convolved image 3020 can be processed by a Rectified
linear unit (ReLLU) activation layer or other suitable activa-
tion layer that may apply a nonlinear transformation func-
tion to its pixel values. This first convolved image 3020 after
applying ReLLU activation can be additionally processed in
a convolutional layer 3018 consisting of 4 filters to produce
a second convolved image 3016. The convolutional layer
3018 can filter or otherwise generate a set of features from
the first convolved image 3020 using weights, such as the
weights 2914 discussed with reference to FIG. 29. The
second convolved image 3018 can have reduced or other-
wise different dimensions from the first convolved image,
such as the dimensions of 296x1x4 pixels or any other
suitable dimensions which is dependent on the number of
filters in the convolutional layer 3018. The second con-
volved image 3018 can be processed by a Rectified linear
unit (RelLU) activation layer or other suitable activation
layer that may apply a nonlinear transformation function to
its pixel values. The second convolved image 3018 after
applying a nonlinear transformation can be processed by one
or more pooling layers to reduce the dimensionality of the
second convolved image 3018 to a maxpooled image 3014.
The maxpooled image 3014 can have reduced or otherwise
different dimensions from the second convolved image
3016, such as the dimensions of 36x1x4 pixels or any other
suitable dimensions. Such a maxpooled layer can serve the
function of picking the “most important” features from the
convolved image 3016. The maxpooled image 3014 may
then be flattened into a flattened image 3012. The flattened
image 3012 can have dimensions such as 144x1 pixels or
any other suitable dimensions. A flattened image is a simple
transformation to rearrange the pixels to create a two-
dimensional array to facilitate mathematical operations of
the following layers. The flattened image 3012 may be
processed in a dense layer or fully connected layer 3010 to
determine which features in the flattened image 3012 cor-
relate to a probe on class 3002 or a probe off class 3004. The
first dense layer 3010 may determine any number of features
associated with the flattened image 3012, such as 4 features.
The output of the first dense layer 3010 can be processed by
a Rectified linear unit (Rel.U) activation layer or other
suitable activation layer that may apply a nonlinear function.
The output of the RelLU or other layer can be processed to
dropout units in the CNN. A dropout layer 3008 may be
applied during the training procedure to “stabilize” the
mathematical operations that assign weights to all the layers
in the CNN. Dropout is a technique where randomly selected
neurons from the previous layer, in this case first dense layer
3010, is ignored during training. The dropout process 3008
can include a dropout of, for example, 75 percent of the units
in the CNN. Dropout layer 3008 may be removed from the
network during classification of new OCT image data pre-
viously unseen by the neural network. The second dense
layer 3006 may determine any number of features associated
with the output of the dropout process 3008, such as 2
features. The CNN may analyze the output of the second
dense layer 3006 to determine a probability that the input
image 3024 should have an air gap “probe off” probability
3002 or a contact “probe-on” probability 3004.

With continued reference to FIG. 30, the training proce-
dure of CNN starts by randomly initializing the weights
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associated with each neural network layer except for max-
pooling layer 3025, flattening layer 3026 and dropout 3008.
A first forward pass of the training procedure predicts a set
of “probe on” probability 3004 and “probe off” probability
for a given pair of OCT image and associated ground-truth
label determined from labeling procedure The difference
between the predicted probabilities and ground-truth label
may be calculated as a gradient and this gradient can be
mathematically propagated through the weights in neural
network layers, this step can also be referred to as back-
propagation. Backpropagation adjusts the weights in the
neural network layers such that the probability prediction
moves slightly closer towards the ground-truth label. Then
the procedure forward pass and backpropagation can be
repeated for as many times as necessary to obtain a user-
defined performance level in classifying a given OCT image
into “probe off” or “probe on” classes.

FIG. 31 illustrates an example network performance 3100
of a CNN with an architecture of FIG. 30. For example, as
illustrated in FIG. 31, a CNN with architecture 3000 was
able to classify input images within 10 epochs of training (in
other words, using 10 times the number of images in the
training set), where the number of evolution of accuracy
over a number of epochs is represented by line 3102.

9. OCT Signal Processing

In some examples, data from an OCT sensor may be
skewed or otherwise not directly representative of the spac-
ing of a tissue site. For example, as illustrated in FIG. 32, an
OCT sensor 3200 may receive data with one or more
measurement artifacts 3202, such as a skew or distortion
relative to a coordinate frame 3204. The coordinate frame
3204 may correspond to a coordinate frame of the sensor
3200 or a tissue site of a patient.

To account for or correct the skew or other measurement
artifacts 3202, a system 100 may perform one or more
processes. For example, as illustrated in FIG. 33, OCT data
signal processing 3300 can include pre-processing blocks
3301, transformation blocks 3303, and image blocks 3321.

The pre-processing blocks 3301 can include a first filter
block 3302, an envelope detection block 3304, a second
filter block 3306, and a downsample block 3308. The first
filter block 3302 can include any suitable filter for selecting
wavelengths of an OCT signal. For example, the first filter
block 3302 can include a bandpass filter to extract the
interference pattern generated between the coherent light
from the sample and reference arm. An envelope detection
block 3304 can include any suitable detector for determining
an envelope of an OCT signal, which is proportional to the
probability of a photon residing at that a certain depth. The
second filter block 3306 can include a suitable filter for
removing residual high frequencies from the envelope detec-
tion. For example, the second filter block 3306 can include
a lowpass filter. The downsample block 3308 can include
any suitable process or algorithm for downsampling an OCT
signal, by, for example, reducing the dimensionality, sample
size, or other process to reduce the size of the OCT file for
ease of processing.

The transformation blocks 3303 can include a calibration
block 3310, a nonlinearity correction block 3312, a rotation
block 3314, a perspective transform block 3316, and a
translation block 3318. The calibration block 3310 can
include one or more processes for calibrating the OCT signal
for example by applying a known sample of known dimen-
sion with known orientation and then comparing the OCT
image from this sample. The mirror nonlinearity correction
block 3312 accounts for the nonlinear relationship between
the voltage applied to the mirror and angle of tilt, which can
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be found in the MEMS mirror specifications. The rotation
block 3314 can include one or more algorithms or processes
for applying a rotation transform along one or more axis in
a coordinate frame, such as an OCT sensor coordinate frame
or tissue site coordinate frame. The perspective transform
block 3316 can include one or more algorithms or processes
for applying a perspective transform to the OCT signal, to
compensate for the distortion caused from viewing from a
single point. The translation block 3318 can include one or
more algorithms or processes for applying a translation
transform to the OCT signal in a coordinate frame, such as
an OCT sensor coordinate frame or tissue site coordinate
frame. The output of the translation block 3318 or other
transformation will go into the image block 3321

The image blocks 3321 can include one or more blocks to
produce an OCT image from an OCT signal. For example,
the image blocks 3321 can include a line algorithm block
3320, and an interpolation block 3322. The line algorithm
block 3320 can include one or more line drawing algorithms
or processes of approximating a line segment in discrete
graphic data (for example, OCT data), such as Bresenham’s
line algorithm. The interpolation block 3322 can include one
or more algorithms or processes for interpolating data on a
multidimensional grid, such as trilinear interpolation.

FIGS. 34A and 34B illustrate example OCT measure-
ments 3401, 3402 before and after signal processing respec-
tively. For example, as illustrated in FIG. 34A, an OCT
measurement 3401A or 3402A can include measurement
artifacts, such as distortion. The OCT measurement 3401A
or 3402A may be processed by the system (for example
using processing 3300 discussed with reference to FIG. 33)
to produce one or more transformed images 3401B or 3402B
as illustrated in FIG. 34B, which may reduce the effects of
one or more measurement artifacts in the OCT measure-
ments.

Advantageously, processing the OCT measurements to
produce transformed images can allow for the system to
better identify air gaps in OCT measurements (by for
example an air gap detection process such as described
above). FIGS. 35A and 35B illustrate example OCT mea-
surements after transformation without an air gap and with
an air gap respectively.

As illustrated in FIGS. 35A and 35B, after performing one
or more transformation processes, such as a calibration,
nonlinear correction, rotation, perspective transform, or
translation, an OCT measurement can be processed to output
an OCT image using one or more interpolation algorithms
according to image block 3321. For example, as illustrated
in FIG. 35A, using Bresenham’s line Algorithm 3320, the
OCT signal are transformed into OCT images 3502A and
3502B. OCT image 3502A is the image from scanning in the
X direction. OCT image 3502B is the image from scanning
in the Y direction. Using the same OCT signal, a Trilinear
Interpolation technique 3322 would result in the OCT
images 3504A and 3504B. As illustrated in FIG. 35B,
illustrates an example with a different subject than FIG. 35A,
where using Bresenham’s line Algorithm 3320, the OCT
signal are transformed into OCT images 3506 A and 3506B.
OCT image 3506A is the image from scanning in the X
direction. OCT image 35068 is the image from scanning in
the Y direction. Using the same OCT signal, a Trilinear
Interpolation technique 3322 would result in the OCT
images 3508A and 3508B.

10. Dual Band Raman Spectrometer

A Raman spectra may include useful information relating
to analyte concentration of a tissue sample in multiple
wavenumber ranges. For example, a Raman spectra can
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include useful information in a 200 to 1800 cm™" wavenum-
ber range and in 2800 to 3800 cm™" wavenumber range.
However, not all areas of a Raman spectra may contain
useful information. In order to efficiently measure physi-
ological parameters, such as analyte concentration, a system
may utilize a spectrometer capable of selectively detecting
data in useful wavenumber ranges.

FIG. 36 illustrates a dual band spectrometer 3600 that
may be used to efficiently measure physiological parameters
at a tissue site 3602 by detecting Raman spectra in two
wavenumber ranges. For example, a dual band spectrometer
3600 can include one or more optical components 3604,
3608, 3618, 3624, one or more spectrometer slits 3614, one
or more optical outputs 3612, one or more dichroic mirrors
3606, one or more detectors 3610, 3620, 3626, one or more
gratings 3616,

For example, light 3601 from a light source, such as a
Raman excitation source, may be directed to interrogate a
tissue site 3602. Light 3601 from the light source may be
directed towards the tissue site by reflecting off a dichroic
mirror 3606 towards one or more optical components 3604.
The one or more optical components 3604 can include
collimating optics or focusing optics, such as one or more
convex or plano-convex lenses 2118A, 2118B, one or more
concave or plano-concave lenses 2118C, or other type of
lens or optical element as described with reference to FIGS.
21A-23C.

Emitted light 3603 that may include spectrographic data
from the interrogated tissue site 3602 can be collected by the
spectrometer 3600. Light 3603 may follow collection path
that can include a collection cone, such as described with
reference to FIGS. 21A-23C. Light 3603 in the collection
cone can be collimated (by for example, the one or more
optical components 3604) and transmitted through a
dichroic mirror 3606 towards one or more optical compo-
nents 3608. The one or more optical components 3608 can
include collimating optics or focusing optics that may allow
a pickup fiber 3610 to collect the light 3603. The optical
input 3610 may transmit detected light towards an optical
output 3612 via the fiber 3632. The measurement medium
3602 may emit the detectable light towards one or more
spectrometer slits 3614. Those skilled in the art may recog-
nize that 3632 can be a fiber or other form of light guide.

The detected light may be transmitted through one or
more spectrometer slits 3614 towards a diffraction grating
3616. The grating 3616 may diffract light from the slit 3614
into a plurality of light beams. The structure and type of
grating 3616 can help determine the wavenumber range the
spectrometer 3600 may detect. For example, the groove
frequency of a grating can help determine a wavenumber
coverage of the spectrometer and a blaze angle of the grating
can help determine a shape of the diffraction curve, which
may affect the diffraction efficiency at different wavenum-
bers. A diffraction grating 3616 of a dual band spectrometer
3600 may be configured to diffract light in one or more
wavenumber ranges between 200 and 3800 cm™'. A 1200
line per mm holographic grating may be used to achieve the
optimal resolution and throughput. The blaze wavelength
used can be 700 nm or other suitable blaze wavelength. An
expert in the field will see how this can be applied in
different but standard configurations to yield the same result.

The grating 3616 may diffract light towards one or more
optical components 3618, 3624 and one or more electronic
components 3620, 3626, 3630. For example, diffracted light
3634 in a first band may be collected by a first set of one or
more optical components 3618. The first band can include
light with wavenumbers in a 200 to 1800 cm™" wavenumber
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range. The first set of one or more optical components 3618
can include collimating optics or focusing optics that may
allow a detector 3620 to collect light in the first band. The
collected light from the first band may be processed by
processing electronics 3622. In some examples, the pro-
cessed light signal may be transmitted towards an output or
other electronic component. Additionally or alternatively,
diffracted light in a second band 3636 may be collected by
a second set of one or more optical components 3624. The
second band can include light with wavenumbers in a 2800
to 3800 cm™! wavenumber range. The second set of one or
more optical components 3624 can include collimating
optics or focusing optics that may allow a detector 3626 to
collect light in the second band. The collected light from the
first band may be processed by processing components
3628. In some examples, the processed light signal may be
transmitted towards an output or other electronic compo-
nent.

11. Example Raman Spectrometer Entrance Slit

A spectrometer slit, such as slit 3614 of spectrometer 3600
as described with reference to FIG. 36, may determine how
much of the detected light enters a detector plane. The width
of the slit can affect aspects of the resulting Raman spectra.
For example, the width of the slit can affect spectral reso-
Iution and intensity of the signal. A larger slit width may
result in increased signal by allowing the use of bigger fiber
but may also reduce spectral resolution due to the increase
in the spot size. The slit width can be any suitable width,
including but not limited to 5 micron, 50 micron, 100
micron, 200 micron, or 500 micron. Advantageously, in a
Raman spectrometer that may be part of a system 100, such
as the dual band spectrometer 3600, increasing a slit width
may result in improved signal to noise ratio (SNR) when
measuring physiological parameters without sacrificing
much in terms of the spectral resolution. For example, a slit
width that corresponds to a wavenumber range of 20 cm™
may improve the SNR by approximately 3-4 times over a slit
width that corresponds to a wavenumber range of 10 cm™
based on the instantiation from within our device due to use
of fibers. Even though the resolution drops, the resulting
resolution is still within the acceptable limit of discretization
of raman spectra.

12. Fiber Sensor

FIGS. 37A-37E illustrate aspects of an example fiber
sensor configuration. A fiber sensor 3800 may be configured
to have an initial intensity (10) detector 3804, a light source
3806, a tissue receiving portion 3810, and at least one
detector 3802, 3812. In some examples, the light source
3806 may include at least one LED. For example, the light
source 2806 may include a multiple LED package.

In some examples, as illustrated in FIG. 37A, the fiber
sensor 3800 may include a single may include a single path
length detector 3802. In some examples, as illustrated in
FIG. 37B, the fiber sensor 3800 may include multiple path
length detectors 3812. For example, the fiber sensor 3800
may include three path length detectors. The configuration
of detectors in the fiber sensor may include, but are not
limited to, variations such as illustrated in FIG. 37C. For
example, in a first configuration 3822 (or a transmission
configuration), a sensor 3800 may include a light source
3823 configured to emit light into the tissue 3820 of a
patient. The light may be attenuated and received by a
plurality of detectors or fibers associated with the detectors
3825 on an opposite side of the tissue 3820 of the patient so
as to detect transmitted light. In another example, in a
second configuration 3824 (or a reflection configuration), a
sensor 3800 may include a light source 3823 configured to
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emit light into the tissue 3820 of a patient and a plurality of
detectors 3825 configured to detect reflected light attenuated
by the tissue 3820 of the patient. In the second configuration
3824, the light source 3823 and the detectors or fibers
associated with the detectors 3825 may be on substantially
the same side of the tissue site 3820 of the patient or at a
position for the detectors 3825 to receive reflected attenu-
ated light. In a third configuration 3826 (or a transflection
configuration), a sensor 3800 may include a light source
3823 configured to emit light into the tissue 3820 of a
patient, a first plurality of detectors 3825 configured to
detect transmitted light attenuated by the tissue of the patient
3820, and a second plurality of detectors 3827 configured to
detect reflected light attenuated by the tissue 3820 of the
patient.

FIG. 37C illustrates an example tissue receiving portion
3810 of a sensor 3800. For example, a tissue receive portion
3810 may be configured to receive a tissue site of a patient,
such as a fingertip, toe, nose, earlobe, or other suitable tissue
site. In some examples, a receiving cavity 3814 may be
configured to accept a tissue site of a patient. In some
examples, the receiving cavity 3814 may be configured to
allow at least one fiber of the fiber sensor 3800 to transmit
or detect light from the tissue site of the patient. For
example, an end 3816 of at least one fiber may be adjacent
to or within the receiving cavity 3814 so as to allow for
placement of the tissue site next to the end 3816. In some
examples, a fiber end 3816 may include a connector or a
protective cover.

As illustrated in FIGS. 37D and 37E, in some examples,
a fiber end 3816 may form an angle 6 with respect to a plane
perpendicular to the length of the optical fiber. In some
examples, an angle 3832 of a detector fiber 3831 may be the
same or different as the angle 3834 of a light source fiber
3833.

E. ADDITIONAL EXAMPLES

Below are additional examples of a patient monitoring
device or method of using the same.

Example 1: A system for measuring physiological param-
eters from a tissue site of a patient, the system comprising:

a plurality of non-invasive sensors configured to obtain

physiological data associated with a patient;

one or more sensor heads comprising:

a frame configured to support at least a portion of each
of the plurality of noninvasive sensors;
an interlocking component configured to couple to the
frame and mate with a tissue site attachment com-
ponent,
wherein the tissue site attachment component is
configured to couple to a tissue site of the patient,
and
wherein the tissue site attachment component has an
opening configured to allow at least one of the
plurality of noninvasive sensors to obtain physi-
ological data associated with the patient at the
tissue site.

Example 2: The system of example 1 wherein the inter-
locking component is configured to stabilize the tissue site
while at least one of the plurality of noninvasive sensors
obtains physiological data associated with the patient at the
tissue site.

Example 3: The system of example 2, wherein the inter-
locking component is configured to stabilize the tissue site
in relation to horizontal movement.
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Example 4: The system of example 1, wherein the frame
comprises an enclosure mechanism configured to receive a
finger of the patient associated with the tissue site.

Example 5: The system of example 1, wherein the frame
is configured to be received by an enclosure mechanism
configured to receive a finger of the patient associated with
the tissue site.

Example 6: The system of example 4, wherein the enclo-
sure mechanism comprises a top portion and a bottom
portion connected by a hinge configured to open and accept
the finger of the patient.

Example 7: The system of example 4, wherein the enclo-
sure mechanism comprises an opening to allow at least one
of the plurality of sensors to measure the tissue site of the
patient.

Example 8: The system of example 1, wherein the tissue
site attachment component is configured to couple to the
tissue site of the patient by an adhesive.

Example 9: The system of example 1, wherein the inter-
locking component comprises one or more electrical con-
tacts.

Example 10: The system of example 9, wherein the frame
comprises one or more spring loaded electrical contacts
configured to electrically connect with the one or more
electrical contacts of the interlocking attachment when the
interlocking attachment is coupled to the frame.

Example 11: A system for measuring physiological
parameters from a tissue site of a patient, the system
comprising:

a plurality of non-invasive sensors configured to obtain

physiological data associated with a patient;

one or more sensor heads comprising a frame configured
to support at least a portion of each of the plurality of
noninvasive sensors;

a movement mechanism configured to couple to the one
or more sensor heads, wherein the movement mecha-
nism is configured to allow for a plurality of degrees of
freedom of movement of the one or more sensor heads;
and

a movable cradle configured to accept a hand of a patient.

Example 12: The system of example 11, wherein the
movement mechanism comprises a translational or rota-
tional stage.

Example 13: The system of example 11, wherein the
plurality of degrees of freedom comprises six degrees of
freedom.

Example 14: The system of example 11, wherein the
movable cradle comprises a movable palm rest.

Example 15: The system of example 14, wherein the
movable palm rest comprises:

a palm receiving portion configured to accept the hand of

the patient; and

apalm rest movement mechanism configured to adjust the
location of the palm receiving portion.

Example 16: The system of example 15, wherein the palm
rest movement mechanism comprises a translational or
rotational stage.

Example 17: The system of example 15, wherein the palm
rest movement mechanism comprises:

a stopping mechanism configured to stop the palm receiv-

ing portion on a track; and

a release mechanism configured to allow the palm receiv-
ing portion to move along the track.

Example 18: The system of example 15, wherein the palm

rest comprises a heated surface configured to be in contact
with at least a portion of the hand of the patient.
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Example 19: The system of example 15, wherein the
stopping mechanism comprises at least one of a brake or
latch.

Example 20: The system of example 11, wherein the
plurality of sensors comprises at least one of a Raman
sensor, OCT sensor, or an absorbance sensor.

Example 21: The system of example 11, wherein the
plurality of sensors comprises a fusion probe sensor config-
ured to perform a plurality types of measurements.

Example 22: The system of example 11 comprising an
imaging system configured to monitor the positioning of a
tissue site of the patient in relation to at least one of the
plurality of sensors.

Example 23: A system for measuring physiological
parameters from a tissue site of a patient, the system
comprising:

a plurality of non-invasive sensors comprising:

an emitter configured to emit excitation light; and
a detector configured to detect light after interaction
with a tissue site of a patient;

one or more sensor heads comprising:

a frame configured to support at least a portion of each
of the plurality of noninvasive sensors;

one or more scanning mechanisms configured to direct
a path of light from the emitter towards a tissue site
of a patient;

one or more hardware processors configured to:

determine a scanning pattern comprising a pattern of
movement of the excitation light from the emitter
towards the tissue site of the patient;

actuate the one or more scanning mechanisms to cause
the excitation light to follow a path on the tissue site
of the patient based on the scanning pattern at a
substantially constant speed;

detect a plurality of physiological measurements at a
plurality of points on the path based on the scanning
pattern; and

average the plurality of physiological measurements to
determine a physiological parameter.

Example 24: The system of example 23, wherein the
scanning pattern comprises a Lissajous pattern or a raster
pattern.

Example 25: The system of example 23, wherein the
scanning pattern is repeated periodically.

Example 26: The system of example 25, wherein the
scanning pattern is repeated with a period of one minute.

Example 27: The system of example 23, wherein the path
is within an interrogated area of 2.5 square centimeters.

Example 28: The system of example 23, wherein the path
is within an interrogated area of 1 square centimeters.

Example 29: The system of example 23, wherein the
tissue site of the patient comprises a nail bed of a digit of the
patient.

Example 30: The system of example 23, wherein the one
or more scanning mechanisms comprises at least one of a
motorized mirror or a rotary wedge lens.

Example 31: The system of example 30, wherein the one
or more scanning mechanisms comprises the motorized
mirror and wherein the motorized mirror is configured to
direct at least a portion of the excitation light towards the
tissue site of the patient through the one or more sensor
heads by movement of the mirror.

Example 32: The system of example 30, wherein the one
or more scanning mechanisms comprises the rotary wedge
lens and wherein the rotary wedge lens is configured to
direct at least a portion of the excitation light towards the
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tissue site of the patient through the one or more sensor
heads by rotation of the rotary wedge lens.

Example 33: A system for measuring physiological
parameters from a tissue site of a patient, the system
comprising:

a plurality of non-invasive sensors configured to obtain

physiological data associated with a patient;

one or more sensor heads comprising a frame configured

to support at least a portion of each of the plurality of

noninvasive sensors; and

a timing processor in communication with the plurality of

non-invasive sensors, the timing processor comprising:

a timing generator configured to generate a timing
signal;

a first programmable delay line configured to delay the
timing signal according to a first delay;

a first signal converter in communication with the
plurality of non-invasive sensors, wherein the first
signal converter is configured to receive physiologi-
cal data from the non-invasive sensors according to
the first delay of the timing signal;

a second programmable delay line configured to delay
the timing signal according to a second delay differ-
ent from the first delay;

a second signal converter in communication with the
plurality of non-invasive sensors, wherein the second
signal converter is configured to receive physiologi-
cal data from the non-invasive sensors according to
the second delay of the timing signal; and

a deserializer configured to generate one or more data
signals from serialized data received from the first
signal converter or the second signal converter.

Example 34: The system of example 33, wherein the
timing signal oscillates between a high and a low state.

Example 35: The system of example 33, wherein the
second delay is longer than the first delay.

Example 36: The system of example 33, wherein the first
delay comprises no delay.

Example 37: A multi-path length absorbance sensor com-
prising:

at least one emitter;

at least one detector; and

a multi-path length fiber head bundle comprising:

a set of short path length light source fibers configured
to transmit light from the at least one emitter towards
a tissue site of a patient;

a set of long path length light source fibers from the at
least one emitter towards the tissue site of the
patient; and

one or more detector fibers configured to transmit a
detected signal to the at least one detector,

wherein the one or more detector fibers are oriented in a

central core of the fiber head bundle;

wherein the set of short path length light source fibers are

oriented to surround the detector fiber in the central

core of the fiber head bundle; and

wherein the set of long path length light source fibers are

oriented to surround the central core of the fiber head

bundle.

Example 38: The system of example 37, wherein at least
one of the set of short path length light source fibers, the set
of long path length light source fibers, and the one or more
detector fibers has a hexagonal cross section.

Example 39: The system of example 37, wherein at least
one of the set of short path length light source fibers, the set
of long path length light source fibers, and the one or more
detector fibers has a circular cross section.
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Example 40: The system of example 37, wherein at least
one of the set of short path length light source fibers, the set
of long path length light source fibers, and the one or more
detector fibers has a square cross section.
Example 41: The system of example 37, wherein the at
least one of the set of short path length light source fibers or
the set of long path length light source fibers has a substan-
tially uniform illumination profile.
Example 42: The system of example 37, wherein the at
least one of the set of short path length light source fibers,
the set of long path length light source fibers, and the one or
more detector fibers has a square core.
Example 43: The system of example 37, wherein a
packing density of fibers in the multi-path length fiber head
bundle is 84 percent.
Example 44: A system for measuring physiological
parameters from a tissue site of a patient, the system
comprising:
a first non-invasive sensor comprising:
a first emitter configured to emit first light towards a
tissue site of a patient;
a first detector configured to receive a first signal
comprising physiological data associated with the
tissue site of the patient;
a second non-invasive sensor configured to:
a second emitter configured to emit second light
towards the tissue site of the patient;
a second detector configured to receive a second signal
comprising physiological data associated with the
tissue site of the patient; and
one or more sensor heads comprising:
a lens system comprising collimating optics configured
to:
transmit the first light towards the tissue site of the
patient along an outer perimeter of an optical path;

transmit the first signal from the tissue site of the
patient towards the first detector along a central
core of the optical path;

transmit the second signal from the tissue site of the
patient towards the second detector along a dif-
ferent path than the first signal within the optical
path.

Example 45: The system of example 44, wherein the first
non-invasive sensor comprises a Raman sensor and wherein
the second non-invasive sensor comprises an OCT sensor.

Example 46: The system of example 44, wherein the one
or more sensor heads comprises a plurality of fiber bundles
and an illumination source.

Example 47: The system of example 46, wherein the
illumination source comprises an OCT illumination source.

Example 48: The system of example 44, wherein the lens
system is to converge light from the first emitter near the
tissue site of the patient.

Example 49: The system of example 44, wherein the lens
system is to converge light from the second emitter near the
tissue site of the patient.

Example 50: The system of example 44, wherein the one
or more sensor heads comprises a window configured to be
placed between the lens system and the tissue site of the
patient.

Example 51: The system of example 50, wherein the
window comprises Calcium Flouride, Magnesium Flouride,
Sapphire, or Quartz.

Example 52: The system of example 50, wherein the
window is 1 mm.

Example 53: The system of example 44, wherein the lens
system comprises a prism lens.
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Example 54: The system of example 53, wherein the
prism lens is configured to orient an illumination source
beam towards the collimating optics so that the illumination
source beam is transmitted towards the tissue site of the
patient.

Example 55: A heating system for increasing the tem-
perature of the tissue site of a patient, the heating system
comprising:

a plurality of non-invasive sensors configured to measure

a plurality of physiological parameters in an interroga-

tion volume at a tissue site of a patient,

wherein a first non-invasive sensor of the plurality of
non-invasive sensors comprises a first emitter and a
first detector configured to measure an absorbance in
the interrogation volume; and

wherein a second non-invasive sensor of the plurality
of non-invasive sensors comprises a Raman sensor
or an OCT sensor;

a first temperature sensor configured to measure a surface

temperature of the tissue site of the patient; and

one or more hardware processors configured to:

receive the surface temperature from the first tempera-
ture sensor;

calculate a current temperature at a determined depth
within the interrogation volume as a function of at
least in part the surface temperature, absorbance of
the tissue site, the size of the interrogation volume,
a power of the first emitter, and ambient temperature;

signal to a cooling device to cool the tissue of the
patient based on the current temperature.

Example 56: A system for detecting an air gap between a
surface of a sensor and a tissue site of a patient, the system
comprising:

a plurality of non-invasive sensors configured to obtain

physiological data associated with a patient;
one or more sensor heads comprising:
a frame configured to support at least a portion of each
of the plurality of noninvasive sensors; and
a surface configured to contact a tissue site of the
patient; and
one or more hardware processors configured to:
receive an image of the tissue site of the patient from
at least one of the plurality of non-invasive sensors;
process the image using a classifier trained by a neural
network to determine a likelihood score that the
surface of the one or more sensor heads is in contact
with the tissue site of the patient; and
cause at least one of the plurality of non-invasive
sensors to obtain physiological data associated with
the patient based on the likelihood score.
Example 57: The system of example 56, wherein the
classifier is trained using a plurality of training images and
wherein the neural network is configured to:
for each training image of the plurality of training images:
extract a plurality of one dimensional slices of the training
image at different pixel locations within the image;

process the plurality of one dimensional slices of the
training images through a plurality of convolution
layers or pooling layers; and

output a weight that the surface of the one or more sensor

heads is in contact with the tissue site of the patient in
the one or more training images based on the processed
plurality of one dimensional slices of the training
images.

Example 58: The system of example 57, wherein the
neural network comprises:
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a first plurality of convolutional layers configured to filter
features from the training images and generate a first
convolved image from a training image of the plurality
of training images;

a first activation layer configured to apply a nonlinear
transformation to the first convolved image to generate
a first activated image;

a second plurality of convolutional layers configured to
filter features from the activated image and generate a
second convolved image;

a second activation layer configured to apply a nonlinear
transformation to the second convolved image to gen-
erate a second activated image;

one or more pooling layers configured to reduce the
dimensionality of the second activated image to gen-
erate a maxpooled image;

a flattening layer configured to apply a transformation to
the maxpooled image to generate a flattened image
comprising a two-dimensional array of pixels.

a fully connected layer configured to determine which
features in the flattened image correlate to an air gap
state of the training image;

a third activation layer configured to apply a nonlinear
function to the output of the fully connected layer; and

a dropout layer configured to apply a drop a percentage of
the output of the third activation layer.

Example 59: A spectroscopic system comprising:

a Raman spectrometer configured to obtain Raman spec-
trographic data associated with a first band of wav-
enumbers and a second band of wavenumbers at least
500 cm™ away from the first band, the Raman spec-
trometer comprising:
an emitter configured to emit light towards a tissue

sample of a patient;

a diffraction grating configured to diffract Raman scat-

tered light from the tissue site of the patient towards

a first detector and a second detector, wherein:

the first detector is configured to detect Raman
scattered light in the first band; and

the second detector is configured to detect Raman
scattered light in the second band.

Example 60: The spectroscopic system of example 59,
wherein the diffraction grating is a holographic grating.

Example 61: The spectroscopic system of example 60,
wherein the diffraction grating is a 1200 line per mm
holographic grating.

Example 62: The spectroscopic system of example 59,
wherein a blaze wavelength of the diffraction grating com-
prises 700 nm.

Example 63: The spectroscopic system of example 59,
wherein the diffraction grating is configured to diffract light
in one or more wavenumber ranges between 200 and 3800
cm'.

Example 64: The spectroscopic system of example 63,
wherein the first band comprises wavenumbers in a range of
200 to 1800 cm'.

Example 65: The spectroscopic system of example 63,
wherein the second band comprises wavenumber in a range
of 2800 to 3800 cm'.

Example 66: The spectroscopic system of example 59,
wherein the second band comprises a range of wavenumbers
at least 1000 cm™ away from the first band.

Example 67: The spectroscopic system of example 59
comprising an entrance slit configured to allow light from
one or more emitters to enter a detector plane of the Raman
spectrometer.
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Example 68: The spectroscopic system of example 67,
wherein a slit width of the entrance slit corresponds to a
wavenumber range of 20 cm™!.

Example 69: A fiber sensor comprising:

at least one light source fiber configured to transmit light
to a tissue site of a patient;

a plurality of multiple path length detector fibers config-
ured to detect attenuated light from the tissue site of the
patient;

a tissue receiving portion configured to receive the tissue
site of the patient, the tissue receiving portion com-
prising:

a receiving cavity configured to accept the tissue site of
the patient,

wherein an end of the at least one light source fiber and
an end of the plurality of multiple path length detector
fibers are positioned to be adjacent to the tissue site of
the patient in the receiving cavity,

wherein the end of the at least one light source fiber forms
a first angle with respect to a plane perpendicular to the
length of the at least one light source fiber, and

wherein the end of the plurality of multiple path length
detector fibers forms a second angle with respect to a
plane perpendicular to the length of the plurality of
multiple path length detector.

Any of the above examples may be combined.

F. TERMINOLOGY

The term “and/or” herein has its broadest least limiting
meaning which is the disclosure includes A alone, B alone,
both A and B together, or A or B alternatively, but does not
require both A and B or require one of A or one of B. As used
herein, the phrase “at least one of”” A, B, “and” C should be
construed to mean a logical A or B or C, using a non-
exclusive logical or.

The following description is merely illustrative in nature
and is in no way intended to limit the disclosure, its
application, or uses. For purposes of clarity, the same
reference numbers will be used in the drawings to identify
similar elements. It should be understood that steps within a
method may be executed in different order without altering
the principles of the present disclosure.

Features, materials, characteristics, or groups described in
conjunction with a particular aspect, embodiment, or
example are to be understood to be applicable to any other
aspect, embodiment or example described herein unless
incompatible therewith. All of the features disclosed in this
specification (including any accompanying claims, abstract
and drawings), or all of the steps of any method or process
so disclosed, may be combined in any combination, except
combinations where at least some of such features or steps
are mutually exclusive. The protection is not restricted to the
details of any foregoing embodiments. The protection
extends to any novel one, or any novel combination, of the
features disclosed in this specification (including any
accompanying claims, abstract and drawings), or to any
novel one, or any novel combination, of the steps of any
method or process so disclosed.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of protection. Indeed,
the novel methods and systems described herein may be
embodied in a variety of other forms. Furthermore, various
omissions, substitutions and changes in the form of the
methods and systems described herein may be made. Those
skilled in the art will appreciate that in some embodiments,
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the actual steps taken in the processes illustrated or disclosed
may differ from those shown in the figures. Depending on
the embodiment, certain of the steps described above may be
removed, others may be added. For example, the actual steps
or order of steps taken in the disclosed processes may differ
from those shown in the figures. Depending on the embodi-
ment, certain of the steps described above may be removed,
others may be added. For instance, the various components
illustrated in the figures may be implemented as software or
firmware on a processor, controller, ASIC, FPGA, or dedi-
cated hardware. Hardware components, such as processors,
ASICs, FPGAs, and the like, can include logic circuitry.
Furthermore, the features and attributes of the specific
embodiments disclosed above may be combined in different
ways to form additional embodiments, all of which fall
within the scope of the present disclosure.

User interface screens illustrated and described herein can
include additional or alternative components. These com-
ponents can include menus, lists, buttons, text boxes, labels,
radio buttons, scroll bars, sliders, checkboxes, combo boxes,
status bars, dialog boxes, windows, and the like. User
interface screens can include additional or alternative infor-
mation. Components can be arranged, grouped, displayed in
any suitable order.

Although the present disclosure includes certain embodi-
ments, examples and applications, it will be understood by
those skilled in the art that the present disclosure extends
beyond the specifically disclosed embodiments to other
alternative embodiments or uses and obvious modifications
and equivalents thereof, including embodiments which do
not provide all of the features and advantages set forth
herein. Accordingly, the scope of the present disclosure is
not intended to be limited by the specific disclosures of
preferred embodiments herein, and may be defined by
claims as presented herein or as presented in the future.

Conditional language, such as “can,” “could,” “might,” or
“may,” unless specifically stated otherwise, or otherwise
understood within the context as used, is generally intended
to convey that certain embodiments include, while other
embodiments do not include, certain features, elements, or
steps. Thus, such conditional language is not generally
intended to imply that features, elements, or steps are in any
way required for one or more embodiments or that one or
more embodiments necessarily include logic for deciding,
with or without user input or prompting, whether these
features, elements, or steps are included or are to be per-
formed in any particular embodiment. The terms “compris-
ing,” “including,” “having,” and the like are synonymous
and are used inclusively, in an open-ended fashion, and do
not exclude additional elements, features, acts, operations,
and so forth. Also, the term “or” is used in its inclusive sense
(and not in its exclusive sense) so that when used, for
example, to connect a list of elements, the term “or” means
one, some, or all of the elements in the list. Further, the term
“each,” as used herein, in addition to having its ordinary
meaning, can mean any subset of a set of elements to which
the term “each” is applied.

Conjunctive language such as the phrase “at least one of
X, Y, and Z,” unless specifically stated otherwise, is other-
wise understood with the context as used in general to
convey that an item, term, etc. may be either X, Y, or Z.
Thus, such conjunctive language is not generally intended to
imply that certain embodiments require the presence of at
least one of X, at least one of Y, and at least one of Z.

Language of degree used herein, such as the terms
“approximately,” “about,” “generally,” and “substantially”
as used herein represent a value, amount, or characteristic
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close to the stated value, amount, or characteristic that still
performs a desired function or achieves a desired result. For
example, the terms “approximately”, “about”, “generally,”
and “substantially” may refer to an amount that is within less
than 10% of, within less than 5% of, within less than 1% of,
within less than 0.1% of, and within less than 0.01% of the
stated amount. As another example, in certain embodiments,
the terms “generally parallel” and “substantially parallel”
refer to a value, amount, or characteristic that departs from
exactly parallel by less than or equal to 15 degrees, 10
degrees, 5 degrees, 3 degrees, 1 degree, or 0.1 degree.

The scope of the present disclosure is not intended to be
limited by the specific disclosures of preferred embodiments
in this section or elsewhere in this specification, and may be
defined by claims as presented in this section or elsewhere
in this specification or as presented in the future. The
language of the claims is to be interpreted broadly based on
the language employed in the claims and not limited to the
examples described in the present specification or during the
prosecution of the application, which examples are to be
construed as non-exclusive.

What is claimed is:
1. A system for measuring physiological parameters from
a tissue site of a patient, the system comprising:
a plurality of noninvasive sensors configured to obtain
physiological data associated with a patient;
a tissue site attachment component; and
one or more sensor heads comprising:
a frame configured to support at least a portion of each
of the plurality of noninvasive sensors; and
an interlocking component configured to mate with the
tissue site attachment component so as to limit
movement of the interlocking component with
respect to the tissue site attachment component,
wherein the tissue site attachment component is
configured to couple to a tissue site of the patient, the
interlocking component comprising:
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an opening configured to allow at least one of the
plurality of noninvasive sensors to obtain physi-
ological data associated with the patient at the tissue
site; and

araised structure configured to be received into a recess
of the tissue site attachment component at least
partially formed by one or more raised walls of the
tissue site attachment component.

2. The system of claim 1 wherein the interlocking com-
ponent is configured to stabilize the tissue site while at least
one of the plurality of noninvasive sensors obtains physi-
ological data associated with the patient at the tissue site.

3. The system of claim 2, wherein the interlocking com-
ponent is configured to stabilize the tissue site in relation to
horizontal movement.

4. The system of claim 1, wherein the frame comprises an
enclosure mechanism configured to receive a finger of the
patient associated with the tissue site.

5. The system of claim 1, wherein the frame is configured
to be received by an enclosure mechanism configured to
receive a finger of the patient associated with the tissue site.

6. The system of claim 4, wherein the enclosure mecha-
nism comprises a top portion and a bottom portion con-
nected by a hinge configured to open and accept the finger
of the patient.

7. The system of claim 4, wherein the enclosure mecha-
nism comprises an opening to allow at least one of the
plurality of noninvasive sensors to measure the tissue site of
the patient.

8. The system of claim 1, wherein the tissue site attach-
ment component is configured to couple to the tissue site of
the patient by an adhesive.

9. The system of claim 1, wherein the interlocking com-
ponent comprises one or more electrical contacts.

10. The system of claim 9, wherein the frame comprises
one or more spring loaded electrical contacts configured to
electrically connect with the one or more electrical contacts
of the interlocking component when the interlocking com-
ponent is coupled to the frame.
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